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ABSTRACT 
 
Petroleum refining is among the most important industries in the world. The 
oil refinery products contribute in many essential issues in the human life including 
transportation fuels, heating fuels, petrochemical industries, etc. Although oil refining 
is an old process started in the mid of the 19
th
 century, new developments and 
technologies are introduced frequently due to the large amount of studies conducted 
around the world research centres. Some of the petroleum refining processes gain 
more attention in terms of research and development in the last couple of decades. For 
example, the importance of developing the hydrocracking process is increasing due to 
the increasing amount of heavy unconventional oil reserves. Another hot topic is the 
development of the hydrodesulphurization process due to the environmental concern 
about the sulphur oxides emissions produced by using oil refinery streams that contain 
several organic sulphur compounds. 
 
In this work, commercially available slurry catalyst precursors are tested to 
study the impact of the catalyst preparation conditions on its characteristic and 
activity. Those types of catalysts are used for hydrocracking and upgrading processes 
of heavy crude and residue including sulphur and other metal removal. The main 
subject was to approach the desulphurization activity and selectivity of the catalyst in 
removing dibenzothiophene (DBT) from model feed. DBT is one of the refractory 
sulphur compounds in the heavy oil fractions. It was found that changing the 
preparation conditions in terms of temperature, pressure and sulphiding agent 
influenced the activity and selectivity of the produced catalyst between the direct 
desulphurization reaction pathway and hydrogenation reaction pathway in removing 
DBT. The highest conversion was achieved by using cobalt-molybdenum-sulphide 
catalyst (Co-Mo-S) where up to 94.0 wt% of the DBT was converted.  Adding the 
same catalyst precursor directly to Arab heavy crude oil, high desulphurization level 
was achieved where 70 wt% of the sulphur content of the feed has been removed. In 
addition, there is a high potential to increase this desulphurization level in treating 
heavy crude by applying the optimum operation conditions used in presulphiding the 
catalyst precursor. 
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Ionic liquids (ILs) were also employed for sulphur removal from refinery 
streams by liquid-liquid extraction process. The ILs are organic salts with low melting 
points, mostly at room temperatures. Although the sulphur extraction level was very 
low comparing with the conventional hydrotreating process, this process has the 
advantage of minimizing the operation costs by reducing the reaction severity in terms 
of temperature and hydrogen consumption. Around 80 wt% of DBT was removed 
from model compound using one of the tested ILs. The nitrogen removal was also 
very high where almost 99 wt% of pyridine was removed from the model oil. 
However, the sulphur extraction level decreased in treating diesel fuel due to several 
factors such as the aromatic contents of the feed and the existence of several sulphur 
and metal compounds. To overcome this problem, the extraction process was repeated 
several times using fresh batches of ILs. This point has driven the importance of 
developing an efficient regeneration method for the used IL which was also 
approached in this work.  
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1. INTRODUCTION 
 
1.1 Energy sources and demands 
 
Except for the year 2009 when the world total energy consumption decreased 
for the first time in 30 years because of the financial crises, the energy consumption 
has increased by around 3 times since 1965 forced by several factors. One of the main 
factors is the industrial revolution of some developing countries. Although the energy 
consumption has decreased in several European and North American countries due to 
the slowdown of major economic activities, the energy consumption has boomed in 
different countries mainly China and India. Another factor is the global population 
growing every year. Although the annual population growth rate has declined to 
1.13% in 2009 from its peak in early 60’s, still the global population is increasing by 
around 75 million every year causing the increase of energy demands. In 2008, the 
total world energy consumption was around 474 × 10
18
 J most of which comes from 
fossil fuels [1-2]. 
 
According to several statistic reviews from leading energy information sources 
such as the International Energy Agency and British Petroleum statistics, around 85% 
of the energy consumption comes from burning fossil fuels, including oil, coal and 
natural gas. Even though the oil portion has been affected by developing other sources 
such as the natural gas and renewable energies, it remains in the leading position with 
around 33% of total energy sources. Following the three main sources of energy, 
nuclear power comes in the fourth position with 6% of the total energy sources. The 
remaining percentage is divided by the other sources including biomass, hydro power, 
solar, biofuel, geothermal and wind energy. Figure-1.1 shows the percentage of each 
source of energy [1-2]. 
 
The importance of oil as the main source of energy is the reason behind the 
annual growth of the oil industry including exploration, drilling, production, refining 
and marketing with the refining business taking the highest attraction in terms of 
research and development. 
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Figure1.1: World energy sources by percentage [1]. 
 
 
1.2 Oil refining 
 
The oil refining process is a complex of many processes by which the crude 
oil is converted to several more useful products such as gasoline, kerosene, naphtha, 
diesel, fuel oils, asphalt and liquefied petroleum products. The crude oil by itself is 
generally not useful. Its products can be used as transportation fuels, heating fuels, 
lubricants or as feeds for other petrochemical products such as plastics, polyesters, 
nylon and solvents. Those valuable products are the results of tens of refining process 
through which the crude oil treated. The main refining processes of a typical refinery 
are reviewed in the following paragraph and also illustrated in figure-1.2 [3]. 
 
Refineries are varying from each other in terms of units and processes 
depending on the type of oil that is used as a feed and the quality and type of 
products. The main refining units and processes are listed below: 
 Atmospheric distillation: In this unit the crude oil is fractioned to different 
hydrocarbon products depending on the boiling point. Sometimes the crude is 
washed in the desalter unit to remove salts from it before introducing it to the 
atmospheric column. 
 Vacuum distillation: Further distillation is performed in the vacuum 
distillation unit for the bottom residual of the atmospheric column. 
Coal
25%
Nuclear
6%
Gas
23%
others
1%
Hydropower
3%
Biomass
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Oil
37%
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 Delayed coking: The heavy residual of the distillation and vacuum columns 
are further treated in this unit to produce gasoline and diesel fuel. 
 
 
Figure-1.2: Schematic diagram of a typical refinery. 
 
 Fluid catalytic cracking, hydrocracking and visbreaking: In those processes, 
the heavy fractions of the crude oil are converted to lower boiling point, lower 
molecular weight products by different mechanisms. 
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 Hydrotreating: hydrotreaters are used for hetero-atoms removal including 
sulphur, nitrogen, oxygen and other metals from different oil products such as 
diesel and naphtha. 
 Catalytic reforming: Mainly used to convert low-octane value naphtha to high-
octane compounds named reformats. Octane number is a term used to measure 
the ignition quality of the product. 
 Alkylation: This process is used also to improve the octane number of gasoline 
by move the alkyl group from one molecule to another. 
 Isomerization: Different linear molecules are converted to other branched 
molecules with high octane number through the isomerization process [3-4]. 
 
 
1.3 Crude oil and heavy fraction upgrading 
 
The use of the hydrocracking process for crude oil and heavy residue 
upgrading is a very attractive field in terms of research and development. Several 
factors are causing this. One of the reasons is the decrease of reserves and production 
of light oils and in opposite the increase of the heavy oil and unconventional oil 
reserves such as extra heavy oil, bitumen, oil sand and oil shale. Figure-1.3 illustrates 
the total oil reserves by oil type. Also the use of some heavy oil fractions such as fuel 
oil, which is used mainly for heating, has been decreased and replaced by natural gas 
due to the high pollution and high expense of the fuel oil. In addition to that, the 
environmental agencies requirements about the use of oil fractions as well as the 
pollution level of oil refineries increased the pressure on the oil manufactures to 
introduce lighter oil to the refineries that will make the refining process economically 
valuable. This will help to reduce the costs of dealing with the wastes of the refining 
process if lighter oils are used as a feed. All of those factors increased the importance 
of the hydrocracking process [5-8]. 
 
The hydrocracking process is an expensive process due to the high operation 
conditions; mainly high temperature and high consumption of hydrogen gas. 
Basically, the catalyst improves the efficiency of the process by transferring the 
reactants to the products at the lowest possible severity conditions. In other words, it 
 18 
increases the reaction rate by lowering the activation energy. As a result, the research 
and study about developing the hydrotreatment catalysts is always a hot topic in the 
oil industry. The aim of the researchers is to improve the catalyst efficiency by 
studying different aspects about the catalysts including preparation methods, different 
activities, characteristics, catalyst deactivation reasons, catalyst metal types and 
combination, etc. It is essential to develop the conventional hydrotreating catalysts 
that are currently used in the refineries in order to meet the future tighter 
environmental requirements.  At the same time, it is also important to search and 
develop the less common used catalysts such as the unsupported hydrotreating 
catalysts. Unsupported catalysts are mainly divided into two categories, 
heterogeneous solid catalysts and homogeneous dispersed catalysts. The homogenous 
catalysts then can be divided to water soluble catalysts and oil soluble catalysts. They 
are mostly used as catalysts for slurry applications [3-4]. 
 
 
Figure-1.3: World crude oil proven reserves by type [8]. 
 
 
1.4 Oil refinery streams desulphurization 
 
The environmental agencies requirement about the transportation fuel and 
other oil products quality, especially the sulphur level, is the main driving force for 
the increasing number of studies about developing the hydrodesulphurization process 
and catalysts [5, 9]. It is well known that the hydrotreating process is the main process 
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for removing sulphur from the refinery streams. Basically, the sulphur compounds are 
removed by the reaction with hydrogen gas in the presence of metal catalysts such as 
ruthenium sulphide, molybdenum sulphide, tungsten sulphide, etc. The high number 
of possible catalyst combinations and preparation conditions with the high variety of 
fuel qualities make the catalyst industry a rich field for research [3, 10]. However, 
other sulphur removal methods became also hot topics for researchers to compete 
with the conventional hydrotreatment process. Examples of some developing 
technologies for refinery streams desulphurization are: 
 Reactive and non-destructive adsorption 
 Oxidative desulphurization to form oxidized sulphur species 
 Physical separation such as membrane based process 
 Extraction process using different organic solvents 
 Other co-processes that help to improve the hydrodesulphurization process 
efficiency such as alkylation and nitrogen adsorption. 
 
All of the above mentioned technologies are still less valuable in terms of 
process economy comparing with the hydrodesulphurization process especially with 
the current sulphur level requirements in different transportation fuels. However, their 
importance may increase in the future if there efficiencies improve or the future 
sulphur requirements become difficult to be reach in economic way with the current 
conventional process. With more development, some of them could be at least a pre or 
co-process for the hydrodesulphurization process. The hydrodesulphurization process 
becomes less economically valuable at lower sulphur level where the refractory 
sulphur compounds remained after the treatment. At low sulphur level, other 
processes could be employed instead of consuming high amount of hydrogen gas just 
to remove few ppm of sulphur [11-12]. 
 
 
1.5 Objectives of the current study 
 
The main objective of this work is to test the effectiveness of different 
catalysts for heavy oil upgrading and desulphurization as well as refinery streams 
desulphurization. Those catalysts which are produced in situ during the 
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hydrodesulphurization process will be analyzed and tested to find a link between their 
characteristics and activities. 
 
As mentioned above, those catalysts are produced in situ by the reaction 
between the catalyst precursor and the sulphur compounds exist in the oil. So, there is 
no full control on the preparation conditions as in the case of preparing the 
conventional supported catalysts. As a result, other factors are altering the catalyst 
characteristics such as the type of the sulphur compounds in the feed which will react 
with the precursor and activate the catalyst metal. However, the early stage of the 
particles production will be studied by testing the produced catalyst in model 
compounds instead of real crude oil which will help to monitor the particles much 
easier since the oil will produce other solids and resides with the catalysts after the 
run. 
 
The selected catalyst precursors for this study consist of metal and organic 
part. At hydrotreating conditions and in the presence of sulphur compounds, those 
precursors produced active metal sulphide ultra fine particles. Using model 
compounds that contain known amount and type of sulphur compounds, the effect of 
the sulphiding agent type, the sulphiding temperature and time, the catalyst 
concentration on the produced catalyst characteristics and activities will be examined. 
In addition, the hydrotreating conditions such as the reaction temperature, time and 
hydrogen sulphide gas concentration on the catalyst performance will be approached. 
 
Ruthenium sulphide is one of the highest active catalysts for 
hydrodesulphurization reactions. Molybdenum sulphide has lower activity comparing 
to it. However, adding a promoter such as cobalt or nickel to the molybdenum 
significantly increases its activity [13]. Characterizing and testing the activities of 
bimetal systems by adding a combination of different precursors will also be covered 
in this work. Molybdenum, cobalt and nickel sulphides are the selected catalysts with 
more focus on the molybdenum precursors. 
 
Catalyst characterization will be carried out including x-ray diffraction to 
determine the catalyst crystallite and size. Transmission electron microscopy also will 
be performed to have some images of the catalyst surface. BET surface area and 
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carbon-hydrogen-nitrogen content of the catalyst will also be determined at different 
reaction aspects. To analyse the feeds and products, gas chromatography and x–ray 
fluorescence will be used to determine the sulphur and other compounds 
concentration. A brief description of each analytical technique will be given in the 
experimental procedure chapter. After preparing and testing the catalysts with model 
compounds, it is important to employ those catalysts for real crude oil upgrading. 
Upgrading a very difficult crude to deal with, the Arabian heavy crude oil, is one of 
this work objectives.  The main approached factor in this part is choosing the best 
catalyst combination of two metal precursors. 
 
The final part of this work is to employ ionic liquids as extracting agents for 
sulphur removal from refinery streams. Obviously, it will be very difficult to employ 
them for sulphur extraction from crude oil due to the high mutual solubility causing 
the difficulty of the two liquid separations. Two types of ionic liquids will be used to 
treat model compounds as well as diesel fuel. Different factors affecting the extraction 
capacity of the ionic liquids will be approached including the target sulphur 
compounds type, the fuel aromatic contents and nitrogen compounds extraction. One 
of the aims in this part is to develop a proper regeneration method of the used ionic 
liquid in order to remove the extracted sulphur compounds from it. The initial idea at 
the beginning of this project is to employ the tested slurry catalysts for ionic liquid 
recycling which is the reason behind using ionic liquids in this work. 
 
 
1.6 The structure of the thesis 
 
In the following chapter, the background of the hydrodesulphurization process 
focusing on different hydrotreating catalysts characteristics and activities will be 
given. Previous works studying the properties and different uses of ionic liquids, 
especially as desulphurization agents, will also be illustrated. In chapter three, the 
experimental procedure will be described in details including the equipments used for 
the desulphurization runs using the oil dispersed catalysts and liquid extraction using 
ionic liquids. All the equipments used for the analytical techniques will be listed and 
described briefly. 
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In chapter four, an approach of using molybdenum based precursors for model 
compound desulphurization will be performed focusing mainly on the catalyst 
concentration effect. The presulphiding conditions effect on the catalyst 
characteristics and activities will be studied in chapter five. Chapter six covers the 
work of the bimetal catalysts systems activities and characteristics. In chapter seven, 
the crude oil upgrading and desulphurization using different catalysts systems will be 
shown. The kinetic analyses of different catalyst precursors are shown in chapter 
eight. All the works about testing the ionic liquids performance in sulphur removal are 
given in chapter nine. Finally, the conclusion and recommendation for future work is 
written in chapter 10. 
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2. BACKGROUND 
 
2.1 HYDRODESULPHURIZATION PROCESS AND CATALYSTS 
 
2.1.1 Introduction 
 
Today, most of transportation fuels come from petroleum sources. This 
includes automotive, marine, aviation, haulage, etc. Environmental regulation is 
pressuring the fuel manufacturing industry to make significant changes to fuel 
composition and performance. For example, in gasoline the sulphur, aromatics, and 
olefins levels must be reduced while maintaining the octane number and mileage. 
Certain oxygenates must also be removed from gasoline in some areas of the world. 
In the case of diesel oil, aromatics and sulphur levels must be reduced while 
maintaining cetane ratings and mileage. In addition, particulates, carbon oxide and 
nitrogen oxides emissions (NOx) should be controlled. Stiffer regulations on marine 
and aviation fuels appear to be the next challenges. Lower sulphur and emissions 
targets for jet fuel and fuel oil are already being enforced in some localities [5, 9]. 
 
During the last three decades, special attention has been paid to the 
desulphurization of transportation fuels especially gasoline and diesel oil. The main 
reason for this concern is that exhaust gases produced from burning these fuels 
contain the undesired pollutants sulphur oxides compounds (SOx). It has been 
considered that sulphur oxides are one of the major causes of air pollution and acid 
rain. In addition, they are harmful for human health. [14] Globally, gasoline and 
diesel transportation fuels are going toward a limit of less than 10 ppm sulphur and 
heavier marine and fuel oils as low as 1500 ppm. Impending global regulation 
threatens to introduce legislation sulphur requirements as low as 50 ppm for heavy 
fuels and less than 5 ppm for all automotive diesel and gasoline fuels. Table-2.1 
illustrates the changes in diesel fuel sulphur limit in different areas around the world 
[9, 15-16]. 
 
Increasing the demand on hydrocarbon fuels impact the acceptable and 
desirable properties in crude oil. The sulphur level in crude oil varies from one type of 
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crude to another. The sulphur content in heavy crude oil reaches 30000 ppm or more. 
Ultra heavy oil is now virtually unused, due to poor characteristics such as high 
viscosity and high sulphur contents. Capacity for heavy oil upgrading has not kept in 
pace with heavy oil production. So, there is also a global potential toward crude oil 
desulphurization especially with the increasing fraction of the unconventional oil 
reserves. There will be many advantages for the refineries since the processing costs 
will be lower and waste disposal will be easier and inexpensive when they deal with 
low sulphur crude [5-6]. 
 
Table-2.1: Limits of sulphur-content in diesel fuel in Europe, Japan and USA in ppm 
by weight [16]. 
 Years 
Region 1953 1976 1990 1992 1996 1997 2000 2005 2006 2011 
EU - - - - 500 - 350 50 - 10 
Japan  12000 5000 - 2000 - 500 - 50 -   
USA  - - 500 - - - - - 15 - 
 
Currently, sulphur removed from refinery streams through the conventional 
hydrotreating desulphurization process (HDS). In this process, the organic sulphur 
compounds in oil and refinery streams are converted to hydrogen disulphide gas (H2S) 
using high pressure hydrogen gas (H2) and catalysts composed mainly of cobalt 
molybdenum sulphide or nickel molybdenum sulphide. The typical reaction 
conditions of the HDS process are between 290 and 400 ºC and from 30 to 100 bar 
hydrogen pressure depending on the type of the feedstock to be treated and the 
required products. H2S gas that is produced from this process is harmful gas and must 
be controlled. It is usually converted to elemental sulphur by catalytic oxidation 
process with air (Claus process) [3, 10, 14]. 
 
The removal of sulphur compounds by HDS depends strongly on the 
molecular structure. Figure-2.1 shows some of the sulphur compounds that occur in 
transportation fuels. Paraffinic sulphur compounds such as thiols (1), thioethers (2) 
and disulfides (3) are immediately converted and removed. Cyclic compounds, 
especially aromatic sulphur compounds, such as thiophene (4) or benzothiophene 
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(BT) (5) are harder to be removed and need higher temperature and pressure. Other 
compounds such as dibenzothiophene (DBT) (6), methyl dibenzothiophene (MDBT) 
(7) and above all 4,6-dimethyl dibenzothiophene (4,6-DMDBT) (8) are much less 
reactive to HDS and need severe reaction conditions and very high cost to be removed 
[14-15]. 
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Figure-2.1: Typical organic sulphur compounds in transportation fuels [14]. 
 
Most of the previous work concentrated in removing two main refractory 
sulphur compounds: BT and DBT. In the case of BT, some studies observed that the 
main product of the desulphurization process of BT is ethylbenzene. Others found that 
at higher pressure of the desulphurization process, BT produced 
dihydrobenzothiophene (through the hydrogenation path) in addition to ethylbenzen 
(through the desulphurization path). Figure-2.2 shows the suggested path of BT 
conversion [17-18]. In the case of DBT hydrodesulphurization, obviously more 
compounds are produced comparing with BT. Through the direct desulphurization 
path, biphenyl is the major product and usually in most of the research works, the 
amount of the produced biphenyl is used to calculate the selectivity of the catalyst. 
Other products of DBT hydrodesulphurization are tetrahydrodibenzothiophene, 
cyclohexylbenzene and bicyclohexyl. The two paths of DBT conversion are shown in 
figure-2.3
 
[18-20]. 
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Figure-2.2: Reaction pathway for the HDS of benzothiophene [18]. 
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Figure-2.3: Reaction pathway for the HDS of dibenzothiophene [18, 37]. 
 
In order to get rid of the above mentioned refractory sulphur compounds and 
reach the regulation requirements of producing ultra low sulphur fuel the following 
options must be considered: 
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 Improving the catalyst activity by developing the catalyst preparation 
methods, adding different catalysts promoters and combinations, improving 
the catalyst dispersion level in the fuel to increase the contact time, etc. 
 Or increasing the reaction severity (higher temperature and pressure). 
The second option is not preferred since it will increase the operational cost if it is 
considered as a long term solution. Improving the catalyst activities and introducing 
new types and categories of HDS catalysts were and continue to be the main topic of 
research in oil industry. 
 
 
2.1.2 Catalysts preparation 
 
There are several important properties that represent the efficient catalyst for 
any particular reaction. Those factors required several knowledge inputs such as 
chemistry, physics, material science, engineering, environmental low and economics 
[15][42]. The properties of what can be called a good catalyst are arranged in the 
following order starting with the most significant factor: 
1- Active Phase: a good catalyst must have the correct active phase in order to 
promote the reaction rate and improve the reaction conditions. 
2- High surface area: this factor helps to optimize the yield when high surface of 
the catalyst is exposed to more reacting materials. 
3- Longevity: although it is a very crucial factor especially from the economic 
point of view, most of the scientists do not pay much attention to it during 
their research. All of the catalysts loss their activities with time due to several 
reasons that include sintering (surface area reduction), attrition and poisoning 
(active sites deactivation) [21]. 
4- Strength: this factor plays a role to prevent the catalyst attrition and in turn 
increase the catalysts life time. 
5- Correct shape: the shape of the catalyst also can help to reduce the catalyst 
attrition. It is also essential to control the gas and heat flow in the reactor. 
6- Environmental effects: this step becomes very important especially in the 
recent years. During the use of catalyst, it must not release toxic materials or 
produce toxic by-products during the reaction. It is also better if the catalyst 
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could be recycled after using it for long time or if it can be easily dumped 
without any risk on the environment. 
7- Catalyst cost: after all of the previous mentioned factors, it is important to pay 
attention to the cost of catalyst preparation. If the cost of catalyst 
manufacturing is very high comparing with the products price in the market 
then this is enough to consider it as an inefficient catalyst and further 
developments are required. Also the role of the catalysts longevity can not be 
ignored if it is evaluated from the economic point of view [4, 22]. 
 
There are several procedures to prepare catalysts such as, impregnation, co-
precipitation, slurry precipitation, fusion, physical mixing, wash coating…etc [23-25]. 
This study will concentrate on the use of slurry and dispersed catalysts produced in 
situ during the HDS reaction. 
 
 
2.1.3 Hydrotreating catalysts 
 
The conventional hydrotreating catalysts that are used in most of the refineries 
are molybdenum sulphide (MoS2) or tungsten sulphide (WS2) promoted with cobalt or 
nickel and supported on alumina. Cobalt and nickel are acting as promoters to 
improve the hydrogen adsorption on the catalysts. More details about the promoter 
role are discussed in section 2.1.6. The supported hydrotreating catalysts are basically 
prepared by the impregnation of catalysts precursors with a solution of Co/Mo or 
Ni/Mo and then dried and calcined at a temperature between 400 - 500 ºC. After that, 
the catalyst is sulphided mostly with H2S/H2 gas at 350 - 400 ºC. Other sulphiding 
agents could be used such as dimethyl disulphide (DMDS), ammonium sulphide 
solution or carbon disulphide (CS2) due to the high toxicity of H2S gas [14-15, 26]. 
 
Due to the large scale of refining processes, petroleum refining catalysts and 
in particular hydrotreating catalysts hold a large portion of the global catalyst market. 
To have an idea about the importance of hydrotreating catalyst, it is estimated that 
hydrotreating catalysts sales share around 31% of the total refining catalysts sales in 
2011 with an estimated value of $1.219 billion. Figure-2.4 illustrates the percentage 
 29 
of each process catalyst from the total petroleum refining market. FCC catalysts come 
in the second position followed by alkylation, hydrocracking and reforming catalysts. 
Other catalysts including hydrogen production, polymerization, isomerization, 
etherification and sulphur recovery are counted for 18% of the market. With total 
catalyst sales of $17.517 billion in 2011, hydrotreating catalysts market represents 7% 
of this figure [15, 27]. Several previous works discuss in detail most of the 
background about hydrotreating catalysts [28-30]. 
 
 
 
Figure2.4: Refining processes catalysts market share in terms of values [27]. 
 
Now with the current environmental restrictions about the fuel and oil 
products quality, the main problem with the conventional supported hydrotreating 
catalysts is its rapid deactivation due to the coke formation or metal deposition during 
different refinery processes (especially the hydrocracking process). An approach to 
overcome this problem is the development of highly dispersed oil soluble catalysts. In 
addition, maximum interaction between the feed and the hydrogen on the high surface 
area of the highly dispersed nano size catalyst is another advantage of this category of 
catalysts. The following two sections review several previous works about the 
unsupported catalysts. 
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2.1.4 Unsupported hydrotreating catalysts characteristics and 
activities 
 
Unsupported catalysts are mainly divided into two categories, heterogeneous 
solid catalysts and homogeneous dispersed catalysts. The homogenous catalysts then 
can be divided to water soluble catalysts and oil soluble catalysts. Different metal 
based catalysts have been tested previously by many researchers covering catalysts 
characterization, preparation conditions, catalyst activity and selectivity, etc. As 
mentioned earlier, molybdenum based catalysts are considered to be the main and 
most active catalysts (both as supported and dispersed catalysts) for hydrotreating and 
desulphurization of different refinery streams as well as for oil upgrading processes. 
In studying the activity and characteristics of the dispersed catalysts, molybdenum 
based catalysts prepared from different catalyst precursors were the main focus of 
researchers in this field [31-35]. In this section, a summary of previous works on the 
unsupported catalysts will be listed with more focus on the molybdenum based 
catalysts.  
 
Yoshimura et al. [36] have tested three dispersed MoS2 catalysts that are 
prepared from three different precursors: ammonium heptamolybdate (AHM), 
ammonium thiomolybdate (ATM) and molybdenum acetylacetonate (MAA). They 
founded that the preparation temperature has some effects on the crystalline structure 
of the AHM and ATM catalysts while it has negligible effect on the MAA catalyst. 
Higher preparation temperature increases the number of MoS2 stacked layers while it 
has no effect on their slab length. It was also found that the addition of small 
concentration of H2S increase the activity of the dispersed MoS2 catalyst by almost 4 
times. This increase in activity is due to the increase of hydrogenation path while 
there was no effect on the direct desulphurization path. This is an unexpected result 
especially that H2S is very well know as inhibitor for the HDS in the case of 
supported catalysts. They also showed that the geometry of the catalyst has high effect 
on overall HDS activity.
 
 
In another study [37], the same three catalysts have been tested and the results 
were identical to the above mentioned points especially with the preparation 
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temperature and the catalyst geometry effect. In addition, they found that grinding the 
catalyst to much smaller size increase the HDS activity comparing with the 
ungrounded catalyst. This could be a result of increasing the surface area and in turn 
increasing the active sites of the catalyst. They also added that for very small size 
crystals, the catalyst selectivity shift to the hydrogenation path (HYD) rather than the 
direct desulphurization (DDS). They found that more HYD reaction occurs over DDS 
as the number of MoS2 layers increased. However, this behaviour was observed for 
low stacking (up to 5 layers). After that, the selectivity toward DDS increased with 
the degree of stacking. So, the selectivity of the catalyst agreed with the rim-edge 
model developed by Chianelli and Daage [141] for the catalysts with high stacking 
degree. The rim-edge model basically states that the HYD reaction of DBT is 
catalyzed on the rim site only while the DDS path catalyzed on both the rim and edge 
sites (figure-2.5). So, as the number of MoS2 layers increases, the DDS reactions of 
DBT increase. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure-2.5: Rim-edge model of MoS2 catalyst particles [141]. 
 
Devers et al. [38] have approached the sulphiding temperature, time and agent 
on the produced solid from ATM catalyst precursor. Pure MoS2 solid was produced 
when H2S at high temperature was used as a sulphiding agent (above 260 °C). At low 
temperature, the produced solid was a mixture of MoSx and (NH4)2Mo3S13 which is 
the same product of the reaction between the precursor and ammonium sulphide as a 
Basal plane 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
Rim 
sites 
Edge sites 
 32 
sulphiding agent. They concluded that the catalysts selectivity toward hydrogenation 
or desulphurization reaction can be controlled by changing the catalyst morphology 
through different preparation methods. Iwata et al. [39] founded that not only the edge 
and rim-edge sites of MoS2 particles are responsible for the catalyst activity, but also 
the basal plane which is considered in many studies to be inert plane has some 
contribution in the catalyst activity. They founded that increasing the basal plane 
inflections lead to increase the hydrogenation reactions. Interestingly, they used 
promoters such as cobalt and nickel to prevent the growth of microdomains which in 
turn lead to increase the inflections on the basal plane. 
 
Alonso et al. [40] have tested different alkyl-ATM produced in situ during the 
HDS of DBT. They did not find a clear link between the surface areas of the produced 
solids and their activities. This could be due to the high amount of carbon associated 
with the catalyst. The alkyl-ATM catalysts had carbon to molybdenum ratio of (2.7-
4.5):1 while it was around 0.5:1 in the case of ATM catalyst. The high amount of the 
carbon lead to increase the surface area of the solid but at the same time it either 
replaces the sulphur on the active MoS2 particles or it reduces the accessibility to the 
active sites by blocking them which lead to decrease the activity. They also found that 
the selectivity toward DDS or HYD path is not consistent with the rim-edge model. 
Higher degree of stacking of some produced solids did not show any increase in the 
DDS reactions, instead the HYD reactions increased. They suggested that the nature 
of the produced sites were altered during the in situ decomposition forming some 
sulphocarbide phase which affects the selectivity. Some evidence of links between the 
mesoporous structure and DDS selectivity were observed. 
 
Peng et al. [41] approached the relation between reaction pressure and catalyst 
morphology. Ammonium molybdate, elemental sulphur, hydrazine and distilled water 
were mixed in autoclave to produce unsupported MoS2. At low temperature (170-200 
°C), MoS2 catalysts with different morphologies were produced by varying the 
reaction pressure and time. Higher degree of stacking was observed at low pressure 
while at high pressure single layer MoS2 particles were the main portion of the 
produced solid. 
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Several unsupported catalysts precursors have been studied that include 
ammonium molybdate, ammonium thiomolybdate and other alkyl-ATM, ammonium 
heptamolybdate, molybdenum acetylacetonate, phosphomolybdic acid, etc. In the 
following section, a summary of previous works about molybdenum naphthenate 
(MoNaph) will be given since it is along with molybdenum octoate (MoOct) are the 
two main catalysts on which the current study is based. Although MoOct will cover 
the biggest part of this work, the focus will be on MoNaph in the following section 
since there were very few approaches to the MoOct comparing with MoNaph. 
 
 
2.1.5 Molybdenum naphthenate as a catalyst precursor 
 
Molybdenum naphthenate (MoNaph) is a black very high viscous liquid. It has 
been tested previously as a catalyst precursor in several applications and comparisons 
with other catalysts precursors. It has been proved that MoNaph is one of the most 
promising precursors that create MoS2 catalysts with crystallite size of nm range. 
Under hydrotreating condition with the presence of sulphur source, the MoNaph 
produces small particles of MoS2 associated with carbonaceous material. It consists of 
Mo metal attached to a mixture of salts of carboxylic polycyclopentane complex 
(figure-2.6). Several reactions between the organic part of the precursor and H2S may 
happen after the decomposition of MoNaph yielding for example some cyclic 
oligomer materials. So, the associated material may have some influence on the 
activity of the catalyst [42-44].  
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Figure-2.6: MoNaph structure. 
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Reuda et al. [45] illustrated that at HDS conditions, MoNaph produced MoS2 
solid and a carbonaceous phase. This combination of the two solids might lead to the 
high catalytic activity and property of the produced catalyst. They also found that the 
solvent which is used to dissolve the MoNaph during the catalyst preparation plays a 
role in increasing the BET surface area. As the carbon content of the solvent 
increases, the surface area of the produced catalyst increases. MoNaph produced 
catalyst has relatively very high surface area. This point was also proved by Tye and 
Smith [46] when they compared four different MoS2 catalysts: exfoliated MoS2, 
crystalline MoS2, MoNaph derived MoS2 and ammonium heptamolybdate derived 
MoS2. The BET surface area of MoNaph derived catalyst was 253 m
2
/g while for 
crystalline and exfoliated MoS2 it was 4.2 m
2
/g and 7.8 m
2
/g, respectively.  
 
A study approached the production of MoS2 active particles from the 
decomposition of MoNaph by the reaction with different sulphur compounds: 
dimethyl disulphide, carbon disulphide and elemental sulphur. The reaction was 
performed in two hydrocarbon mediums: hexadecane and methyl naphthalene. In both 
solvents, MoS2 produced from elemental sulphur showed the highest activity in DBT 
conversion although it has the lowest surface area. It was observed that there was no 
correlation between the surface area and the catalyst activity. The reason behind this 
is the carbon material that has relatively high specific surface area. Comparing with 
another catalyst produced by the reaction between ammonium thiomolybdate and 
aqueous ammonium sulphide, the MoNaph has better activity, higher stability in 
terms of BET surface area, and produced MoS2 particles with less stacking [44]. 
 
Tye and Smith [20, 46-47] have written several papers comparing different 
MoS2 catalysts including MoNaph. They compared the catalytic activities of MoNaph 
derived catalyst with exfoliated MoS2. The former shows higher performance in the 
hydrogenation of naphthalene and hydrodenitrogenation of carbazole while the later 
was better in HDS of DBT. The nitrogen was removed from the carbazole following 
the hydrogenation of at least one of the adjacent rings which indicates that MoNaph 
catalyst has very high hydrogenation activity. In another work, they determine the 
characteristics of those to catalysts along with another two: AHM derived catalyst and 
commercially available MoS2 powder. Table-2.2 shows the characteristics of the 
tested catalysts. MoNaph catalyst had the highest surface area, the smallest particle 
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size and the lowest number of stacking layers. They also indicated that their results in 
terms of DBT hydrogenation are in agreement with the rim-edge model since the 
hydrogenation of DBT increases with increasing the rim-edge sites fraction. In a third 
work, MoNaph and the exfoliated MoS2 showed the best performance in Cold Lake 
bitumen upgrading with slightly less coke formation in the case of the former catalyst.  
 
Table-2.2: Physical properties of the tested MoS2 catalysts [46]. 
Catalyst 
BET surface 
area (m
2
/g) 
Slab length 
(nm) 
Stack height 
(nm) 
Layers 
number 
MoNaph derived MoS2 253 10 1.8 2.8 
AHM derived MoS2 - 9.3 2.1 3.3 
Exfoliated MoS2 7.8 400 5.5 9 
Crystalline MoS2 4.2 560 35.8 57 
 
Curtis et al. [48] have compared MoNaph with other slurry catalysts metal 
precursors such as, iron naphthenate and iron acetylacetonate in the HDS of model 
compound contain DBT. MoNaph shows the best performance among all even better 
than adding Fe and Mo in the same run to check the synergetic effect of bimetal 
system.  In bimethyl-ethyl-DBT-4-ol conversion, the MoNaph performance improved 
in terms of hydrogenation, hydrodesulphurization, hydrooxegenation and 
hydrocracking when it was promoted with FeNaph. 
 
MoNaph and cobalt naphthenate were used to upgrade oil atmospheric 
residue. The two metals were added both individually and simultaneously at different 
atomic ratio to obtain the optimum system. The best conversion of heavy fraction to 
lighter products was achieved when Mo was used alone without Co addition 
indicating the high acidity of MoS2 that facilitate the hydrocracking reactions. The 
HDS, hydro demetallization and asphaltene conversion were the highest at 
Co/(Co+Mo) ratio of 0.3. However, the authors believed that the reason behind this 
result is not the synergetic chemical structure of Co-Mo-S but because of the high 
spread of hydrogen due to the dissociation of molecular hydrogen over Co9S8 
particles. The reactive hydrogen radicals are responsible of creating active centres on 
the MoS2 or the associated carbon which contains some elemental sulphur [49].
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MoNaph was compared with different naphthenates including Co, Ni, Fe, and 
Ru for heavy oil residue. Except for Fe, the coke formation was much reduced using 
all the above catalysts. At optimum reaction condition with relatively low amount of 
catalyst, MoNaph was the best for upgrading reactions in general. Comparing with 
phosphomolybdic acid, MoNaph showed also better performance because it was 
better sulphided at the same condition as proved from the physical characteristics of 
the produced solids. In addition, the promoter effect was also approached by adding 
Ni and Co to MoNaph. Co-Mo system showed slightly better performance [42].  
 
Another study [43] employed MoNaph for oil vacuum residue upgrading. 
Small amount of MoNaph was effective to improve the product quality with minimum 
coke formation. The in situ produced catalyst improves the hydrogen uptake which 
stabilizes the free radicals from further condensation reaction that lead to coke 
formation as in the case of free catalyst runs. The data proved also that this type of 
catalyst has no significant effect on the vacuum residue conversion as this process is 
believed to be thermally controlled. From the kinetic data, the decomposition of 
MoNaph to MoS2 is proved to be very fast comparing with vacuum residue 
conversion step. 
 
Another interesting study provided some promising results of using dispersed 
catalysts to extend the life time of a conventional supported hydrotreating catalyst. 
Jung et al. [50] used a combination of MoNaph and cobalt naphthenate to extend the 
life time of a commercial vacuum residue hydrodesulphurization catalyst. The basic 
mechanism behind this idea is that when the oil soluble catalyst precursors added to 
the feed during the run they transformed to highly catalytic active particles and those 
particles are captured by the conventional catalyst. The resulted catalyst has additional 
desulphurization activity and requires lower operation temperature which helps to 
extend its life time. One of the advantages of this idea is that it does not require high 
investment costs if it is used in the refineries. It needs only an agitation system to mix 
the dispersed catalysts with the feed. 
 
Panariti et al. [51-52] made an extensive study about several metal dispersed 
catalysts focusing on MoNaph after it shows the best activity in vacuum residue 
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upgrading comparing with Co, Ni, V, Ru and Fe catalysts. The catalyst produced as 
irregular clusters with diameter of 0.5-2 µm with single or few layers stacking. 
Different Mo based dispersed catalysts have been compared and showed that the 
organic group bonded to the metal has minimal effect on crude conversion. Mo 
powdered catalyst had very low activity comparing with oil soluble catalysts most 
likely due to the relatively high stacking of MoS2 layers that results in lower surface 
area and poor dispersion. As mentioned previously, they found that the feedstock 
conversion was thermally controlled and not dependent on the catalyst. Coke 
formation can be minimized by adding small amounts of the catalyst while it 
increased at higher catalyst concentration (5000 ppm). The recovery and recycling of 
the produced MoS2 proved to be possible. 
 
 
2.1.6 The effect of using bimetal catalyst system 
 
From many previous studies about MoS2 hydrotreating catalysts, it is well 
known that adding a promoter such as Co or Ni improves the catalytic activities. 
CoMo catalysts proved to be very active for HDS reaction and less active for HDN or 
hydrogenation reactions while NiMo are preferred to be used for treating feeds with 
high contents of unsaturated compounds due to its high activity in hydrogenation 
reaction in addition to hydrodenitrogenation (HDN) reaction. Phosphorous is used 
sometimes to increase the selectivity toward hydrogenolysis reaction against 
hydrogenation. The earliest studies about mixing Co and Mo for HDS reaction were 
in Germany prior WWII. One of the earliest published works was in 1943 when Byrns 
et al. studied the chemical and mechanical mixing of MoO3 and CoO. In late 1950s, 
Beuther et al. published a study comparing different mixtures of CoMo and NiMo for 
HDS reaction by varying the promoter to Mo atomic ratio [34-35, 53-55].  
 
Different theories and models were introduced to describe the reason behind 
the second metal effect on the main catalyst activities. The “monolayer” model 
basically suggested that the increase of catalyst activity was due to the increase of the 
active sites on the Mo atom instead of changing the quality of the active sites. The Co 
atom causing some changes in the alumina ions sites which in turn make the sulphur 
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atom in the first layer attached to two Mo atoms instead of one. So a sulphur vacancy 
creates two Mo active sites instead of one. However, this method was rejected later by 
the same authors [56, 164]. Another theory called “intercalation” implied that the 
promoter such as Ni, Co or Fe go through the Van der Waals layers to occupy the 
octahedral voids causing the reduction of the Mo or W. Later they assumed that only 
the edge sites of MoS2 are occupied by the promoter [57]. 
 
After that, the term “synergy” was first came to the surface which refers to the 
cooperation between the two metals instead of “promotion” which refers to the 
increase of activity due to the presence of another metal. Hagenbach et al. [58] related 
the increase of HDS activity to the cooperation between MoS2 and Co9S8 particles. 
The HDS reaction is taking place on the MoS2 surface with the spill over of hydrogen 
atoms dissociated from Co9S8. They called this reaction system “the remote control 
mechanism”. Figure-2.7 shows the relation between the Co and Mo atoms according 
to several proposed models.  
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Figure-2.7: a) Co-Mo-S model representing the promotion term. b) Co9S8 and MoS2 
particles representing the synergism term 
 
Topsoe et al. [59-60, 165-166] used Emission Mossbauer Spectroscopy (EMS) 
to identify the Co compounds in CoMo catalyst. The images showed the presence of 
several Co phases including Co atoms associated with the alumina support, Co exists 
as Co9S8 and CoMoS particles. By identifying the number of each Co phase, they 
found a linear relation between the number of CoMoS particles and the increase in 
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HDS activity. The active CoMoS particles existed as single layer and multi layers 
slabs. Each type has different activities possibly due to electronic or geometric 
changes. Chianelli [61] proposed an idea for dividing the promotion effect of adding 
Co to Mo into three areas. First, Co works as a promoter on MoS2 sites by decorating 
the corners of the MoS2 and forming Co-Mo-S phase. By adding more Co, the 
synergetic effect between the MoS2 and Co9S8 occurred.  After that, Mo works as a 
promoter for Co9S8 in the same way that Co was promoting MoS2. 
 
Vrinat et al. [62] have tested the activities of four different catalysts: MoS2 
produced from ATM, Co9S8, and two types of CoMo catalysts. One catalyst called 
(CM) and prepared by the treating of MoO3 and Co3O4 powder with hot solution of 
ammonium sulphide. The other called (HSP) and prepared by mixing AHM and 
cobalt nitrate with ammonium sulphide solution. All the catalysts showed clear 
correlation between the activities and the surface areas. HSP showed higher HDS 
activity comparing with CM. The later preserved the same characteristics of pure 
MoS2 while the former one did not. The HSP catalyst was deactivated faster than the 
other catalyst at high temperatures. Another work [63] by the same authors showed 
that HSP catalyst consisted mainly from Co-Mo-S species and Co9S8 while CM 
consisted of Co9S8 and MoS2. The HSP catalyst showed more liable sulphur atoms 
indicating the higher activity of this catalyst. 
 
Berhault et al. [55] studied the Co promotion effect on alumina supported 
MoS2 catalyst. There results showed that the Co effect was due to the modification of 
the active sites dispersion of the catalyst. Co addition caused the increase in the 
number of stacking layers and if the support is weak it also promote the expansion in 
the lateral side. However, under HDS condition, single layer morphology of MoS2 
particles were the main pattern of both the promoted and unpromoted catalyst since 
the HDS reaction stabilize the single layer structure. Studying the reaction products, it 
was stated that adding Co increased the DDS reaction with minimal effect on HYD 
reactions. The stacking degree was not the reason behind this trend since single layer 
structure was dominant in the spent HDS catalyst. However, it was assumed that the 
Co affects the support interaction with the active sites. 
  
 40 
The promotional effect on the activity of Mo based catalysts was linked with 
the interaction between the 4d electrons of Mo and the 3d electrons of the promoter 
suach as Co or Ni. An electronic transfer between the two metals is occurred near the 
surface or interface of the two metals. In octahedral coordination, Co and Ni transfer 
electrons to Mo which enhances its activity. On the other hand, copper for example 
removes electrons from Mo that reduces its catalytic activity so it is considered as a 
poison [64]. 
 
 
2.1.7 H2S effect on the catalyst activity 
 
H2S gas produced during the HDS reaction is known to be an inhibitor of the 
catalyst activities especially on the desulphurization reactions. It is a colorless, 
flammable and highly toxic gas and has some effects on the human body systems. 
Several previous works investigated the effect of H2S on the catalyst activity of 
supported and unsupported hydrotreating catalyst [66-68]. Kabe et al. [69] found that 
H2S has inhibiting effects on HDS reactions of DBT and DMDBT using Mo catalyst. 
It inhibited both DBT reaction paths with more effect on DDS. Adding Ni as a 
promoter minimized the inhibition effect of H2S. It was found that the heat of 
adsorption of H2S on the catalyst surface more than that of DBT. Comparing four 
different catalysts, the heat of adsorption of H2S on the catalyst surface followed the 
following order: NiMo < NiW < CoMo << Mo. In other words, H2S has less effect on 
bimetallic catalyst system than single metal catalyst. In Rana et al. Work [70], H2S 
inhibited the HDS and HDN activity of nickel molybdenum supported catalyst to treat 
heavy crude oil while it has promotional effects on HDM reactions. Its effect on 
asphaltene conversion was low. The reason of this behaviour is the nature of the 
catalyst sites involved in the reaction. The desulphurization active sites are occupied 
with the adsorbed H2S while the asphaltene conversion is proportional to the amount 
of the acidic saturated sites. 
 
Youshimora et al. [36] found some interesting results about the H2S effect on 
several MoS2 unsupported catalysts. It was shown that the H2S inhibited the DDS 
while it dramatically increased the HYD pathway resulting in an increase in the 
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overall activity of the catalysts. The same effect on HYD reaction was observed in 
another work. The HYD of toluene was increased as the partial pressure of H2S 
increased using chromium and cobalt sulphide catalyst [71-139]. 
 
 
2.1.8 The presulphiding effect on catalyst properties 
 
Although this field has been approached in many research and studies, there is 
no clear vision about the actual role of the presulphiding agent and process condition 
on the activity of the catalyst. However, the presulphiding effects couldn’t be ignored 
and it has been proved that it somehow alters the activity and the characteristics of the 
HDS catalysts. Basically, the presulphiding process transfers the catalysts metals to 
active metal sulphides. H2S is the main sulphiding agent in most of the refineries. 
However, due to the high toxicity of H2S, other sulphiding agents could be used such 
as ammonium sulphides, carbon disulphide, dimethyl disulphide (DMDS), dimethyl 
sulfide (DMS) tertiarybutyl polysulfide (PSTB), tertiarynonyl polysulfide (PSTN), etc 
[68, 72]. 
 
Texier et al. [68] have compared two different sulphiding agents, H2S and 
DMDS, to sulphide CoMo and NiMo catalysts supported on alumina both as 
phosphorus free and phosphorus doped catalyst. In general, they found that the 
efficiency of H2S was higher than DMDS. The most logical reason for this point is 
that the DMDS does not create the required amount of H2S especially at low 
temperature. In this case, higher amount of H2 can help to increase the decomposition 
of DMDS to CH4 and H2S. At temperature below 300 °C, sulphiding of the metal was 
started even at low H2S partial pressure. When the temperature increased to above 300 
°C, some reduction of the catalyst accrued and increasing the H2S partial pressure is 
required to enhance the sulphidation process over the reduction process.  
 
Another study by Gochi et al. [72] compares the influence of three sulphiding 
agents, H2S, DMDS and DMS, on the characteristics and activity of NEBULA 
catalyst in the HDS of DBT. Table-2.3 shows the results of this comparison. The 
results showed that DMDS sulphided catalyst has higher surface area and higher 
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selectivity toward the direct desulphurization of DBT than the H2S sulphided one. 
Even the DBT conversion of DMDS catalyst is very close to the H2S catalyst. This 
outcome indicates that the DMDS can be used instead of H2S to sulphide bulk 
catalysts. In the case of DMS, although it produced a catalyst with higher surface 
area, the activity of the produced catalyst was not high if it is compared with the other 
two catalysts. In addition, from the TEM images and XRD analyses of the three 
catalysts, the influence of the sulphiding system on the catalyst morphology can 
clearly be observed. The H2S sulphided catalyst had higher degree of stacking and 
longer particles in the basal plane direction comparing with the DMDS sulphided 
catalyst. 
 
Table-2.3: Physical properties of the catalyst samples. 
Sulphiding 
agent 
DBT conversion 
(%) 
Selectivity 
(HYD/DDS) 
Area before 
HDS (m
2
/g) 
Area after HDS 
(m
2
/g) 
H2S 68.25 1.25 7.37 17.31 
DMDS 62.17 0.82 14.87 28.00 
DMS 37.25 0.56 20.58 21.21 
 
Hui et al. [73] used ammonium thiosulphate (ATS) and DMDS to activate 
alumina supported Mo catalyst. The former sulphiding agent produced a catalyst with 
higher thiophene HDS activities. According to the author, the ATS produced a 
catalyst with multi layer which is more active than the other single or double layer Mo 
catalyst produced by DMDS sulphidation. Additionally, they found that sulphiding 
the catalyst at a temperature between 200-300 °C showed higher HDS activity. 
Sulphiding at lower temperature decreased the catalyst activity due to insufficient 
sulphiding of the catalyst. Sulphiding at higher temperature (400 °C) lead to 
agglomerate the MoS2 resulted in lower activity.  
 
Marroquin et al [74] used different feeds to sulphide commercial NiMo 
catalyst. The sulphur in the feed was used a sulphiding agent and at the same time the 
target for HDS and hydrogenation activities. The feed that contains some amount of 
DMDS added to it shows the best results indicating the decomposition of low 
molecular weight sulphur compounds along with the DMDS transforming the metal 
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oxide to metal sulphide active phase. The sulphiding temperature was also found to 
have some effects on the catalysts characteristics. 50% of the carbon deposited on the 
catalyst during the sulphiding process and the amount increase at higher sulphiding 
temperature. The same result was found on sulphur deposition. Although it was 
believed that the catalyst continues to be sulphided during the HDS process, at higher 
temperature the catalyst was completely sulphided due to the similarity of the sulphur 
type on the sulphided and spent catalyst. In conclusion, catalyst sulphided at 350 °C 
showed higher activities comparing with the catalyst sulphided at lower temperature.  
 
 
2.1.9 Some developed slurry phase hydrocracking processes using 
unsupported catalysts 
 
Although the number of research studies and patents about the unsupported 
catalysts is high, there are few commercial unsupported catalysts that exist in the 
refineries around the world. One of the reasons is that most of the refineries units and 
equipments are not designed to operate such high active catalysts and their associated 
high H2 consumption and high heat production. Another reason could be the high 
price of the unsupported catalyst comparing with the supported once due to the higher 
concentration of the active metal. First known slurry phase hydrocracking technology 
was developed in Germany in 1929 for coal hydrogenation and then replaced by 
vacuum residue upgrading after WWII [32, 75].  
 
Currently several slurry technologies have been developed and some of which 
are scaled up for industrial applications. Veba-combi-cracking is a thermal 
hydrocracking and hydrogenation process developed in Germany to upgrade 
petroleum residues to marketable distillates using a mixture of red mud containing 
some iron with fine powder of Bovey coal as a catalyst. The main disadvantage of this 
technology is that it requires high amount of catalyst and high operating pressure [76]. 
Another process developed by Exxon mobil, called M-coke technology, uses 
phosphomolybdic acid and MoNaph as catalyst precursors to convert heavy residue. 
The high cost of the catalysts is the main negative of this process that makes it less 
valuable [77]. Ashi Kasei Industrial Company used disposable highly dispersed ultra-
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small powder in a process called SOC technology for heavy oil cracking. The main 
obstacles for the development of this technology are the high operating pressure and 
the high installation costs [78].  
 
HDH technology developed by Intevep Company in Venezuela uses relatively 
cheap mineral ore produced locally as ultra fine catalyst for oil upgrading. Canment, a 
Canadian process, uses iron sulphate as dispersed catalyst for general processes 
showing good denitrogenation and desulphurization activities. Separating the catalyst 
particle from the unconverted oil is the main problem of those two technologies [32, 
79]. Kobe Steel Ltd developed a hydrocracking method using relatively cheap micron 
size limonite ore particles as a catalyst. The limonite catalyst has very high cracking 
activity and the same time was effective in controlling coke formation. It was 
effective in removing metals but it had low HDS and HDN activities [80-81]. Alberta 
Research developed a hyrocraking process called (HC)3 technology using different 
metal compounds catalysts such as iron carbonyl or molybdenum ethyl hexanoate in 
liquid-gas slurry reactor to convert bitumen, pitch and heavy oil to distillates [82].  
 
One of the most successful processes using oil soluble catalysts is Eni Slurry 
Technology (EST) developed by Eni. Different metal based catalysts including Mo, 
Ni, Co, V, and Fe have been tested to upgrade Belayim vacuum residue. Mo based 
precursors showed the best performance in promoting hydrogenation reactions and at 
the same time at the same time, it did not promote the thermal cracking reactions. 
Bimetallic catalysts systems were also tested showing some improvements in the 
activities [51-52]. EST will be used in the industry for the first time in Sannazzaro 
refinery in Italy (one of the Eni refineries). A new hydrocracker is planned to be 
operated in 2012 to fully convert heavy feedstock.   Similar Mo and Co precursors 
that were tested by Eni were also used in other two hydrocracking processes 
developed by UOP and IFP [32]. NEBULA family catalysts developed by Albemarle 
Catalysts and ExxonMobil showed exceptional HDS, HDN, and aromatic sturation 
activities. NEBULA catalysts are currently used in several commercial units for ultra 
low sulphur diesel and gasoline production, hydrocracker pre-treatment, kerosene and 
naphtha hydrotreating, etc. It helped many refineries especially in Europe to meet the 
current and even the future transportation fuel requirements [33]. 
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2.2 EXTRACTIVE DESULPHURIZATION USING IONIC 
LIQUIDS 
 
2.2.1 Ionic liquids, introduction and properties 
 
The Ionic liquids (ILs) are organic salts with low melting points, mostly at 
room temperatures. So, they are simply salts in liquid state. Above their melting 
points, ILs are very convenient for many chemical applications were they work as 
solvents, electrolytes, reagents for chemical transformations, etc. They have high 
thermal stability and high polarity. They are non-flammable and non-explosive. ILs 
have very low vapour pressure that makes them environmentally friendly solvents 
since any undesirable material dissolved in ILs will not evaporate to the environment. 
Many types of ILs are immiscible with water, saturated hydrocarbons, dialkyl ethers 
and a number of common organic solvents which give them flexibility for reaction 
and separation methods [83, 85, 89]. 
 
ILs in general consist of a cation (positive charge) and an anion (negative 
charge). Its lattice energy is very low because of the symmetry introduced by the two 
opposite charges. This low value of lattice energy results in low melting points salts 
[84]. The melting point is also affected by the size of the cation and anion from which 
the IL is composed. As the distance between the two ions increases, the attraction 
between them decreases and hence the melting point decreases (Figure-2.8). Table-2.4 
illustrates the melting point for several ILs that are different in size [86, 88].  
 
 
Figure-2.8: Larger ions results in lower melting points. 
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Table-2.4: Comparing the melting points of metal chlorides with some ionic liquids 
and the change according to the ion size [86, 88]. 
Compound Melting point, °C 
NaCl 803 
KCl 772 
CsCl 646 
LiCl-CsCl (60%-40%) 355 
[EMIM]NO3 38 
[EMIM]CF3SO3 -9 
[EMIM]CF3CO2 -14 
Lowest melting point ionic liquid -96 
 
During the last decade, scientists and researchers increased their studies to 
develop the use of ILs as novel solvents for synthesis, separations, electrochemistry 
and process chemistry. Moreover, low cost ILs can be easily prepared at ambient 
conditions using cheap and easily available starting materials. This factor helps to 
increase the employment of ILs [84].
 
 
 
2.2.2 Early used ionic liquids and some recent applications 
 
The first report of a room temperature IL was written in 1911 [167]. The 
nitrite salts of ethylamine, dimethylamine and trimethylamine were prepared. Few 
years later, the first useful IL, ethylammonium nitrate was prepared, which had 
created some interests at that time while the physical and chemical properties of this 
salt was not studied in a significant extent until 1980s [168]. This interest in 
ethylammonium nitrate comes from the fact that it exhibits several of the exceptional 
solvent properties found only with water. This behaviour was appeared from the 
heats, entropies and free energies of solution of non-polar gases found in 
ethylammonium nitrate and because of the ideal heat of mixing with water as well as 
the observation of micelle formation by surfactants dissolved in ethylammonium 
nitrate. By measuring the heat of solution of alcohols in ethylammonium nitrate, it has 
been concluded that the most important characteristic of the IL was its high cohesive 
Size 
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energy, confirmed by retention measurements of different solutes by gas–liquid 
chromatography [89-91].  
 
The focus on ethylammonium nitrate synthesis and work helped to notice 
many corresponding alkylammonium nitrate and thiocyannat ionic liquids (table-2.5). 
Ethylammonium nitrate and n-propylammonium nitrate are still used in many 
applications. They are used as solvents for organic and enzymatic reactions, 
cyclodextrins and electrochemical reactions. They are used also as conductive 
solvents and in studies of the critical conditions for demixing of mixtures formed with 
organic solvents. Another group of ionic liquids are tetraalkylammonium salts. These 
were discovered while tracking some applications of higher melting point salts. Tetra-
n-hexylammonium benzoate proved its ability to be an appropriate solvent for 
electrochemical and kinetic studies. Tetraalkylammonium tetralkylborides are air-
stable liquids and were used as solvents for spectroscopy, synthesis and 
electrochemistry since the 1970s. These solvents have similar polarity of conventional 
polar organic solvents [89, 91].  
 
Table-2.5: Physical properties of room temperature alkylammonium nitrate and 
thiocyanate ionic liquids at 25 ºC [89]. 
IL 
Melting point 
(ºC) 
Density 
(g/ml) 
Viscosity 
(cP) 
Ethylammonium nitrate 12.5 1.112 32.1 
n-Propylammonium nitrate 4 1.157 66.6 
Tri-n-butylammonium nitrate 21.5 0.918 637 
Di-n-propylammonium thiocyanate 5.5 0.964 85.9 
Butylammonium thiocyanate 20.5 0.949 97.1 
Sec-Butylammonium thiocyanate 22 1.013 196 
 
A great and major success in understanding the chemistry of ILs was achieved 
in 1992 when a group of air stable imidazolium salts with anions such as 
tetrafluoroborate and hexafluorophosphate were prepared. These ionic liquids were 
convenient for a range of polar functional groups and led to several chemical and 
electrochemical applications [89]. The largest group of room temperature ionic liquids 
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available and used nowadays are salts composed of a 1,3-dialkylimidazolium cation. 
Figure-2.9 shows some common used ionic liquids [92].  
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Figure-2.9: Some common used cations and anions to prepare ionic liquids [92]. 
 
Although the chemical and physical characteristics have not been studied 
deeply until 1980s, ILs were employed in different applications and areas. One 
common application of ILs is that they are used as electrolytes in electrochemistry 
[106]. They are used also in combination with an organic solvent or water as biphasic 
systems in extraction and separation technologies [89]. They are also found to be 
good candidates for synthetic and catalytic purposes, such as Diels-Alder 
cycloaddition reactions, Friedel-Craft acylation and alkylation, hydrogenation and 
oxidation reactions and Heck reactions [84]. In addition, they are used for catalyst 
immobilization and for the easy recycling of homogeneous catalysts [89].  
 
With the large numbers of cations and anions that can be used to prepare, large 
numbers of ILs can be designed with the desired properties to be suitable for a certain 
type of application by choosing the cation, anion and the mixture concentration. They 
can be adjusted to provide a specific melting point, viscosity, density, hydrophobicity, 
miscibility, etc. for a specific chemical application [86, 91]. This can clearly be 
proved from the following successful attempts in using ILs. It has been used to 
determine the formaldehyde concentration in shiitake mushroom, a popular meal in 
China and Japan [93]. Dye-sensitized solar cells are new type of solar cells that show 
promising results to contribute in the future power generation from solar energy. Its 
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performance decreases during long-term operations because it contains some volatile 
solvents. ILs were found to be ideal candidates to overcome this problem [94]. A 
room temperature IL, 1-butyl-3-methylimidazolium hexafluorophosphat, was 
employed as a liquid-liquid extraction agent to remove heavy metal ions [95]. 1-ethyl-
3-methylimidazolium trifluoromethanesulfonate IL was used to developed 
heterogeneous catalysts for hydroamination reactions [96]. Fluoride salt ILs show 
promising performance in electroorganic reactions [97].  
 
 
2.2.3 Fuel desulphurization using ionic liquids 
 
With the increase requirements of environmental regulations regarding to the 
fuel specifications and quality, ILs with their properties became ideal candidates in 
the field of oil and refinery streams desulphurization with some advantages above the 
conventional hydrotreating desulphurization [11, 14]. Several ILs are immiscible with 
oil and this property helps to reduce the extraction of sulphur free hydrocarbons [106]. 
As mentioned before, with the opportunity of manufacturing a wide range of ILs, it 
would be possible to prepare a certain type of IL with specific properties applicable 
for any desired desulphurization process. In addition, sulphur compounds removed 
from oil or fuels have no environmental impact because of the high thermal and 
chemical stability of ILs. Additionally, the regeneration of ILs and recycling it from 
sulphur compounds is proved to be possible with the need of some developments. 
Among all of these advantages, the use of ILs in desulphurization does not require 
high temperature and pressure operating condition and does not require the use of 
hydrogen. Several works and approaches about the use of ILs in desulphurization 
processes show promising results with high efficiency in removing the organic 
sulphur compounds [83, 98-101]. 
 
 
Several points and operation conditions have been investigated in previous 
works. Esser et al. [14] have investigated the performance of different types of 
imidazolium based ILs. The ILs performances were examined with model oil, pre-
desulphurized diesel and FCC-gazoline. The extraction of different sulphur species 
have been tested showing that the common hindrance sulphur aromatic compounds 
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such as DBT and its derivatives are better target of the extraction process. Moreover, 
the degree of alkylation of DBT has less influence on the extraction level comparing 
with the decrease of HDS reactivity in the hydrotreating process. However, the alkyl 
group effect is varying depending on the type of IL used and the extracted compound 
as Zhang et al. [102] observed significant change in the extraction capacity between 
methyl thiophene and thiophene using three different ILs. Obviously, the sulphur 
removal from real diesel or gasoline was harder than the removal from model oil due 
to the presence of different types of sulphur compounds. So, more extraction steps are 
required to reach very low sulphur levels in the case of real diesel or gasoline. Liu et 
al. [103] compared several types of ILs for sulphur extraction from model oil. Effect 
of extraction process time, temperature, IL/oil weight ratio, and different sulphur 
species extractability were approached. In other works, iron based ILs were 
approached and it was found that the good extraction capacity of this type of ILs is 
due to its fluidity and its interaction, as Lewis acidic species, with Lewis basic DBT 
[104-105].  
 
For deeper understanding of the extraction process between ILs and sulphur 
species, several works examine the effect of cation and anion types in the ILs. 
Holbery et al. [106] have tested four different classes ILs: imidazolium, pyridinium, 
pyrrolidinium, and quinolinium proving that the cation type has more effect on the 
extraction capacity comparing with the anion effect. This conclusion was also 
achieved in another work when alkylphosphate ILs have been used to extract DBT, 
BT and 3-methylthiophene indicating that the anion effect was limited comparing 
with the cation effect [107]. However, Gao et al. [104] illustrated the effect of the 
anion type when they compared three ILs differ in the anion: [BMIM][PF6], 
[BMIM][BF4], and [BMIM][FeCl4] with the later showing the best performance 
among all. In another paper, the DBT extraction capacity of six different types of 
immidazolium sulphate ILs have been compared. It was found that the IL with the 
longest alkyl group showed higher performance [108]. Similar output was obtained by 
Alonso et al. when they tested imidazolium tetrafluoroborate ILs for DBT and 
thiophene extraction from model compounds [109-110]. Most of the above mentioned 
works indicated the formation of π-π interaction between the IL and the aromatic 
sulphur compound of the extracted target which explains why the ILs with larger 
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cation group have better performance and why the ILs have higher selectivity toward 
DBT for example comparing with thiophene. 
 
A number of ILs has been tested previously in extracting sulphur from real 
fuels such as diesel and gasoline. Some of them showed promising results such as the 
studies of immidazolium based ILs with chloroaluminate anion. This type of IL 
proved to have high sulphur extraction capacity from real diesel and gasoline where 
very low sulphur levels have been achieved [98, 111]. Other types of ILs such as di 
alkyl immidazolium hexaflourophosphate and di alkyl immidazolium 
tetraflouroburate have been tested many times and showed good extraction level. 
Moreover, the extraction capacity here is also depending on the type of the real fuel 
and its characteristics [104, 112]. Xuemei et al. [113] tested the same ILs with two 
different samples of diesel fuels. Different extraction levels have been observed in 
treating each fuel due to the difference in the characteristics and the composition 
between the two diesel samples. In addition, they also found that the cation chain 
length has the higher effect on the IL performance as stated in the previous paragraph. 
Schmidt [111] also stated that the type of the fuel affect the IL performance after 
treating diesel and gasoline and also proved that the major fuel properties were not 
affected by the extraction process. Other researchers tried to improve the ILs 
extraction capacity by combining it with oxidative desulphurization in one process in 
the presence of IL and H2O2 [114-124].  
 
By reviewing the partition coefficient values and the sulphur removal 
percentage from the above mentioned studies and other studies, it can be concluded 
that the removal of sulphur compounds from refinery streams is possible by 
employing ILs as extracting agents. In addition to the sulphur removing performance, 
the following factors must be considered to design a successful extractive 
desulphurization process: 
 The IL must be environmentally friendly and non toxic. 
 It should have high chemical stability to air and moisture. 
 It must be easily regenerated to be used for other extraction process with high 
efficiency. 
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 It is preferred to be prepared from cheap starting materials in order to facilitate 
its use for large scale operations. 
 It should not be soluble in oil or vice versa to avoid producing other toxic 
compounds or reducing the quality of the fuel. 
 
The most important key to success above the previously mentioned factors is 
to find an appropriate process to recycle the used IL. Many regeneration processes 
have been mentioned and examined in the previous works. Those attempts will be 
discussed briefly in the following section.  
 
 
2.2.4 Regeneration of sulphur-loaded ionic liquids 
 
One very important issue that must be considered is the regeneration of the 
used ILs in order to use them in other extraction processes with the same efficiency. 
This point becomes more important in dealing with refineries and large scale 
processes. The regeneration of ILs will help to make this process economically viable 
especially with the high manufacturing costs of some ILs. 
 
Several methods have been approached to remove the extracted sulphur 
compounds from the used ILs. One method is heating the IL to vaporize the sulphur 
compounds by simple distillation or stripping columns at temperatures within IL 
stability. Still this method is not efficient for high boiling point sulphur compounds. 
For example, the recovery of ILs used to desulphurize diesel fuel hard to be achieved 
using simple distillation process because it contains some high boiling points sulphur 
compounds such as DBT and its derivative that have boiling points above 200 ºC. 
Results showed that, only 20% of the sulphur compounds are recovered by stripping 
the IL with air at 120 ºC for about three days [14, 102]. To overcome this problem, 
another method was tested several times which is the extracting of the sulphur 
compounds from the used IL with other solvents such as pentane or hexane then the 
IL is dried under vacuum to remove any remaining of the solvent. The negative point 
of this method is the difficulty of finding suitable solvent that is efficient in re-
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extraction the sulphur compounds and at the same time does not contaminate the IL 
[103-104]. 
 
Another method that was approached several times is precipitating the sulphur 
compounds by diluting the IL with water. In this method the sulphur compounds are 
repelled and precipitated while the high polar water molecules are replacing it and 
interact with IL especially if the IL is highly hydrophilic. The strong electrostatic 
interaction between water molecules and IL overcomes the π-π interaction between 
the IL and the aromatic sulphur compound. However, this method is limited to water-
insensitive ILs. Another negative side about this method is the high expense related to 
separate the water from IL by evaporation which makes it not economically valuable 
for large scale operations [102, 107, 113, 125-126]. Using supercritical CO2 in the re-
extraction of sulphur from IL is another possible way.
 
However, this method require 
high amount of heat in expanding and compressing the CO2 that makes it impractical 
for large scale applications [127]. Removing the aromatic sulphur compounds by 
electrolysis was also examined [128]. 
 
 
By reviewing the above mentioned techniques of regenerating saturated ILs in 
details, it can be noticed that each method has its advantages and disadvantages. It 
was also found that each method is practical to be used with certain types of ILs while 
it is not suitable for another group. At the same time, the type of sulphur compound 
extracted by the IL is also a key factor in choosing a suitable recycling method. So it 
is difficult to prefer one method over another especially that the process of sulphur 
extraction using IL is still under progress and need a lot of research and development 
before implementing it into larger scales. 
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3. EXPERIMENTAL EQUIPMENTS AND PROCEDURES 
 
3.1 Oil and model compounds hydrodesulphurization runs 
 
The hydrodesulphurization (HDS) runs for both oil and model compounds 
where performed with similar procedures. First, the feed, the catalyst precursors and 
the sulphiding agent (whenever it was used) are weighted and placed inside the reactor 
vessel. After that, the system is purged with hydrogen three times to remove all the air 
from the reactor. Then, the system is pressurized with 60 bar hydrogen gas. The 
reaction is initiated by starting heating the system to the desired temperature at a 
heating rate of 6 °C/minute. The mixing speed is 1000 rpm. After reaching the desired 
temperature, the pressure is increased to 100 bar and the time is set to be 0 indicating 
the beginning of the HDS experiment which is performed at different reaction periods. 
After finishing the runs, the system is cooled down to the room temperature followed 
by releasing the pressure and purging the system with nitrogen gas to get rid of the 
hydrogen sulphide. This is a general procedure for the experiments while the specific 
reaction conditions will be mentioned in each chapter. 
 
 
 
Figure-3.1: Parr batch reactors. 
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The HDS runs were performed in two computer controlled 100 ml batch 
reactors purchased from Parr autoclaves. The two reactors are identical to each other 
except for the vessels where one of them manufactured from hastelloy while the other 
from stainless steel. The hastelloy reactor was used for oil upgrading runs while the 
other one was used for model compound HDS runs in addition to catalyst 
presulphiding runs. Both reactors are connected to two main controller systems used 
to control the heating profile and temperature, to control the stirring speed and to 
record the pressure, temperature and stirring speed readings. The picture of the two 
reactors is shown in figure-3.1. 
 
The schematic diagram of the reactor is shown in figure-3.2. The reactor 
consisted of the following parts: 
 Pressure gauge: to read the pressure inside the reactor. It is connected to the 
controller system to monitor the pressure on the screen and record the readings 
into the database. 
 Gas inlet valve: where the hydrogen and nitrogen gas are introduced to the 
reactor. 
 Liquid sampler valve: to collect liquid samples. However, it was not used 
during this study since the catalyst that was used is ultra fine slurry catalyst.  
 Pressure relief valve: to depressurize the reactor after the HDS runs or the 
presulphiding runs. 
 Magnetic drive: which is used to rotate the stirrer. It is connected to the 
computer to control the stirring speed.  
 100 ml vessel: where the reaction is taking place. 
 Thermowell: to measure the temperature inside the reactor. It is also connected 
to the controller system. 
 Dip tube: to collect oil samples as well as entering the gas to the vessel bottom 
to ensure dissolving the hydrogen in the solvents and in turn increase the 
contact between hydrogen and catalyst surface. 
 Impeller: to mix the feed and the catalysts particles. 
 Controlled heater: to heat the vessel to the desired reaction temperature at 
controlled heating rate. It is covered with a jacket to stabilize the temperature 
of the reactor. 
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Figure-3.2: Schematic diagram of the reactor. 
 
The presulphiding runs were also performed in the stainless steel reactor. 
Generally, the sulphiding agent (which was ditertiarybutyl disulphide in most of the 
runs) and the catalyst precursors were mixed in hexadecane at different reaction 
temperature and time while the stirring speed and hydrogen pressure were fixed at 
1000 rpm and 100 bar respectively. 
 
 
3.2 The Ionic liquid extraction runs 
 
The sulphur extraction runs were performed in a 50 ml glass vial. Using a magnetic 
stirrer, the model oil and the Ionic liquid were mixed together for 30 minutes at room 
temperature with 1:1 volume ratio. After that, the mixture is kept for a while to insure 
the separation of the two liquids. The tested ILs were: 
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 1-ethyl-3-methyl-immidazolium ethyl sulphate. (Figure-3.3a) 
 1-ethyl-3-methyl-immidazolium tetrachloro aluminate. (Figure-3.3b) 
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N
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2
H
5
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3
]-
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Figure-3.3: The chemical structure of the two used ionic liquids. 
 
 
3.3 Feed and products analyses 
 
To measure the degree of upgrading and particularly the desulphurization level 
after the treatment, the following analytical techniques have been performed. 
 
3.3.1 X-ray fluorescence (XRF): wavelength dispersive XRF was used to 
determine the total sulphur content in the feed and the products of the 
hydrodesulphurization runs for model compounds. It was also used to determine the 
sulphur and other metals concentrations such as vanadium, nickel, cobalt and iron in 
the crude oil before and after the runs. Also the sulphur content in diesel fuel treated 
in the ionic liquid extraction runs. The type and model of the XRF instrument is 
Bruker AXS – S4 Explorer. The desulphurization percentage is calculated using the 
following equation: 
 
100
)__(
)__()__(
% 


ionconcentratsulphurinitial
ionconcentratsulphurfinalionconcentratsulphurinitial
HDS  
(eq.3.1) 
 
3.3.2 Gas chromatography (GC): The GC is used to determine the 
concentration of each compound in the product. It helps to determine the conversion 
level of a certain compound as well as the concentration of its reaction products to 
 58 
determine its selectivity. It was mainly used to determine the DBT concentration in 
the feed and products and to determine concentration of its products: biphenyl, 
cyclohexylbenzene and tetrahydrodibenzothiophene. It was also used to determine the 
different compound concentration in the model oil treated in the ionic liquid 
extraction runs. The type of the GC is Shimadzu GC-2014. The column that was used 
in the analysis is 30 m in length with inner diameter of 0.32 mm and film thickness of 
0.25 μm. The temperature profile of the GC analyzing program was as follow: 
 In the beginning, the temperature is kept at 50 °C for 5 minutes. 
 Then, the temperature is increased at a rate of 10 °C/min until it reaches 200 
°C which takes 15 minutes. 
 Finally, the temperature is held at 200 °C for 20 minutes. So, the total time of 
each analysis was 40 minutes. 
 
After testing several hydrocarbons as internal standard for the GC analysis, 
dodecane was chosen due to its higher accuracy comparing with the other tested 
hydrocarbons such as octane and decane. A sample of the GC analysis and calibration 
is shown in appendix A. 
 
3.3.3 Petroleum distillation analysis: 800 Micro Petroleum distillation 
system from B/R Instrument Cooperation was used to determine the oil fractions 
before and after the HDS experiments. 
 
3.3.4 Nitrogen content: The nitrogen content in the oil was determined using 
multi EA 3000-N instrument from Analytik Jena AG. 
 
 
3.4 Prepared and spent catalyst analyses 
 
As mentioned in the introduction chapter, one of the main objectives of the 
current work is to find a link between the catalyst preparation conditions and its 
characteristics and activities. The prepared and spent catalysts were recovered from 
the reactor vessel and kept in heptane to avoid further oxidation with air. To determine 
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the characteristics of the produced and spent catalysts, the following runs have been 
performed: 
 
3.4.1 X-ray diffraction (XRD): XRD analyses were performed to determine 
crystallite size of MoS2 particles and the stack height. The XRD instrument model is 
Philips PW1700 series, automated powder diffractometer using Cu Kalpha radiation 
at 40KV /40mA with a secondary graphite crystal monochromater. The measurement 
parameters for the current study analyses were: 
 The data angle range: 10.0000 – 80.0000. 
 The scan step size = 0.042 
 The scan step time = 19.5 
 
The particle size and stack height of the catalyst particles can be calculated by 
applying Scherrer equation (eq-3.2). λ is the x-ray wavelength and it is equal to 
0.1541 nm. K is the shape factor; it is varying from one peak to another. β is the full 
width at half maximum converted to radian. θ is the peak angle and it should be 
divided by 2 since the angle in the XRD pattern represents 2θ. An example of the 
calculation is shown in appendix B. 
 
L = 


cos
K
     (eq-3.2) 
 
3.4.2 Transmission electron microscopy (TEM): the prepared catalysts were 
subjected to TEM analysis to study the catalyst surface morphology and the slab 
length. The catalyst particles were recovered from the heptanes using filtration paper. 
Small amount of the dry catalyst was suspended in ethanol in a GC vial. After shaking 
the vial for few seconds, two drops from the top of the vial have been placed on a 
carbon film which is positioned inside the microscope. The reason behind taking the 
sample from the top of the vial is to avoid taking big particles of the catalyst which 
will affect the quality of the images. The type of TEM devise is Jeol FX 2000 MKII, 
200 kv TEM with GATAN digital camera and fitted with Oxford instruments energy 
dispersive analyzer. 
 
 60 
3.4.3 Carbon-nitrogen-hydrogen analyses (CHN): CHN analyses were 
performed for the recovered catalyst to determine mainly the carbon content that is 
precipitated with the MoS2 particles. The analysis was performed in Saudi Aramco 
Research & Development Centre. 
 
3.4.4 BET surface area analyses: to determine the surface area of the 
produced and spent catalysts, BET analyses was performed. 
 
All the analyses were performed in Imperial College laboratories except for 
the petroleum distillation, oil nitrogen content and CHN analyses for the catalysts 
were performed in Saudi Aramco Research & Development Centre. 
 
 
3.5 Experimental procedure modification 
 
After performing several HDS runs, it was found that the catalyst activity in 
terms of DBT conversion was not stable and it did not show repeated results. In 
addition to that, high DBT conversion was achieved even without using a catalyst. 
The reason behind those unexpected results was the catalyst build up inside the 
reactor. Since the type of the catalyst that was used in this study was ultra fine highly 
dispersed catalyst, it penetrated into the reactor fittings and head. So, the reactor parts 
were disassembled and intensive cleaning was carried on using heptane and other 
solvents. The catalyst particles deposits were found in the magnetic drive, in the gas 
inlet and outlet valves, in the dip tube and in the gas transfer stirrer. Even though 
serious cleaning was carried on after each run, some deposits were found on the wall 
of the reaction vessel. 
 
Several actions have been taken for both the experiment procedure and the 
reactor to overcome the catalyst contamination problem. The following changes have 
been done: 
 Glass liners were manufactured to be placed inside the reactor vessel during 
the HDS or presulphiding runs. This action has been taken because the glass 
liner is easier to be cleaned that the stainless steel or hastelloy vessel. The 
vessels are dark from inside and it is not possible to insure that there are no 
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catalyst deposits sticking on the wall while this can be clearly observed in the 
case of the glass liners. 
 The gas transfer stirrer was replaced by a normal stirrer without any holes to 
avoid building up the catalyst particles inside the stirrer. 
 The amounts of the feeds that are used for the runs have been reduced to the 
half. Initially, 40 g of model compounds or oil were treated in the HDS runs 
but after the contamination problems this amount was reduced to 20 g. This 
can help to prevent the model oil and in turn the catalyst particles from 
reaching the reactor head especially with the high mixing speed. 
 For the same reason, the stirring speed was increased gradually at the 
beginning of each experiment. Instead of setting the stirring speed immediately 
to 1000 rpm, the speed was increased at five steps. Starting from 0, it was 
increased by 200 rpm every 20 seconds. 
 Close attention have been taken in pressurizing and depressurizing the reactor. 
The pressure was added and released slowly both at the beginning and the end 
of each run to avoid splashing the liquid and the catalyst particles. 
 
Following the above mentioned actions, all the previous HDS runs were 
repeated and more reliable and reproducible results were obtained. 
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4. DIBENZOTHIOPHENE CONVERSION USING OIL 
DISPERSED CATALYSTS 
 
4.1 Introduction 
 
Hydrotreatment of heavy crude oil and petroleum residues is the focus of the 
global oil industry research due to several factors such as the increasing demand of 
transportation fuels and the environmental regulations about the use of fossil fuels. 
The environmental agencies around the world have increased the pressure on the 
refineries to produce ultra clean fuels with low pollutants especially sulphur oxides 
emissions. The production of heavy crude oil which contain high concentration of 
metals especially sulphur has increased recently which added more pressure on the 
refineries to produce the oil products in economic way through the conventional 
hydrotreating and cracking processes [5, 15, 49, 129-130].  
 
The cracking reaction in which the high boiling range components of the crude 
oil converted to lighter products is a thermal process. The main disadvantages of the 
cracking reaction especially at high temperatures are the coke formation, which leads 
to poison the catalysts, and the production of very light less valuable gas products. 
Additionally, the large molecules of the heavy crude oil components block the pores 
of the catalysts before reaching the active sites of the catalyst. In addition to the coke 
problem, the current limit of sulphur level in transportation fuels required new 
catalysts with improved hydrodesulphurization activity to reduce the sulphur level 
with lower costs. To overcome these problems, highly active oil dispersed catalysts 
are considered to be promising alternatives of the conventional supported 
hydrotreating catalysts. They are proved to have good ability to control coke 
formation by increasing the hydrogenation reactions. Several dispersed catalysts have 
been tested previously including molybdenum, cobalt, nickel, iron and tungsten based 
precursors in different hydrotreatment processes [39, 131-133]. The effect of adding 
different additives such as phosphorus or cobalt and nickel as promoters for the main 
metal (mostly molybdenum) to improve the slurry catalysts activity have been also 
investigated [23, 134-136].  
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In the present work, molybdenum octoate (MoOct) was used as a catalyst 
precursor to produce MoS2 particles in situ during the hydrodesulphurization reaction 
(HDS). Several factors that influence the overall catalyst HDS activity have been 
approached including: catalyst concentration, catalyst recycling, sulphiding effect and 
H2S gas effect. Catalyst characterization was carried out including XRD, TEM and 
CHN analyses to understand the link between the catalyst activity and characteristic 
with the operating conditions. 
 
 
4.2 Experimental work 
 
4.2.1 Materials: commercially available MoOct and molybdenum naphthenate 
(MoNaph) used as catalyst precursors. Hexadecane and dibenzothiophene (DBT) used 
to prepare the model compound. Ditertiarybutyl disulphide (TB-S) was used as a 
sulphiding agent in some experiments. 
 
4.2.2 HDS Runs: The hydrotreating experiments were carried out in a 100 ml 
autoclave batch reactor. The experiment operating conditions were varied in order to 
study their effects on the catalyst characteristic and activity. For most of the HDS 
runs, the reaction was performed at 300 ºC and 100 bar of H2 with 1000 rpm stirring 
speed for 4 hours after reaching the operation conditions. The MoS2 catalyst tested in 
this work is produced in situ during the hydrotreating process in the autoclave reactor 
by the reaction between MoOct precursor with the sulphur compounds that exist in the 
feed in the presence of hydrogen. The sulphur source in most of the experiments is the 
DBT which is also the target for the HDS reaction. The MoOct precursor is a reddish 
brown liquid with Mo wt% of 15.5. The MoOct structure is shown in figure-4.1. After 
the HDS process, the produced catalyst, which appears as a black precipitate powder, 
was collected and kept in heptane to avoid oxidation reaction with air before 
analyzing it. 
 
4.2.3 Feed and product analyses: The feed and the products are analysed by the 
following analytical techniques: Gas chromatography (GC) and X-ray fluorescence 
(XRF). 
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Figure-4.1: MoOct structure. 
 
4.2.4 Catalyst analyses: The following analyses were performed to study different 
reaction conditions effect on the produced and spent catalysts: X-ray diffraction 
(XRD), Transmission electron microscopy (TEM) and Carbon-nitrogen-hydrogen 
analyses (CHN) 
 
 
4.3 Results and discussions 
 
4.3.1 Catalyst concentration effect on DBT conversion: 
 
Product analysis: In order to understand the mechanism of the catalyst particles 
formation during the HDS reaction, it is important to study the effect of catalyst 
precursor concentration on the catalysts characteristics and activity in DBT 
conversion. There were some approaches to test the catalyst concentration effect on 
the catalyst performance in terms of metal removal and crude conversion. Panariti et 
al. [52] founded that increasing MoNaph concentration increases the sulphur and 
metal removal from vacuum residue of Belayim crude while it increases the coke 
formation at high catalyst loading. Curtis et al. [48] observe the same trend in DBT 
removal from model compound using MoNaph. The DBT conversion is increased by 
increasing the MoNaph concentration with the presence of sulphiding agent. In Fixari 
et al. [42] work of upgrading heavy crude oil, the HDS conversion increased with 
MoNaph loading until it reach a certain concentration of catalyst after which the 
conversion became constant.  
 
In the current work, the catalyst concentration effect has been tested at two 
different model compounds with different initial DBT concentration (DBT0). At low 
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DBT0 level (1.43 wt%), the DBT conversion increased by increasing the catalyst 
concentration until it peaked at 1750 ppm of metal to feed after which the conversion 
started to decrease (figure-4.2). This trend was not observed when high DBT0 
concentration was used (4.56 wt%). As shown in figure-4.3, the DBT conversion 
increased by increasing the catalyst concentration. Since the DBT is the only source of 
sulphur in this reaction, it must be present in sufficient amount to convert all the 
molybdenum (Mo) to molybdenum sulphide particles (MoS2). When the sulphur 
content was not high enough (as in the case of low DBT0 concentration), some of the 
Mo did not convert to MoS2, especially when the catalyst concentration is high (above 
1750 ppm). Instead of that, the unconverted Mo remains associated with the organic 
portion of the precursor resulting in the production of relatively low amount of active 
MoS2. In addition, the un-activated Mo may block the active sites of the produced 
particles and reduce the contact between the catalyst particles and the DBT molecules 
in the feed which leads to reduce the HDS activity as shown in figure-4.2. As proved 
by previous work, the edges of unsupported MoS2 catalysts are easy targets for the 
deactivation by carbon [137]. This explains why the HDS trend with catalyst 
concentration is different than the trend of previous works were they used sulphiding 
agent in excess amount [48] or they used feeds contain high amount of reactive 
sulphur compounds [42, 52]. 
 
 
 
Figure-4.2: Catalyst concentration effect on DBT conversion at low DBT0 level 
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Figure-4.3: Catalyst concentration effect on DBT conversion at high DBT0 level 
 
The dashed lines in the two figures represent the required amount of DBT to 
convert all the Mo to MoS2. Both at low and high DBT0, there is a certain point after 
which there will be some unconverted Mo that may cause the reduction of the catalyst 
activity as mentioned earlier. 
 
By studying table-4.1, it can be observed that when the sulphur to Mo mole 
ratio is low, most of the DBT converted by the stoichiometric reaction between DBT 
and Mo to produce MoS2 catalyst not by catalytic reaction. For example, using 3000 
ppm of the catalyst with high DBT0 concentration leads to convert 25.7 wt% of the 
DBT which is almost the required percentage of DBT0 to convert all the Mo to MoS2. 
On the other hand, adding 500 ppm of catalyst with the same the same high DBT0 
concentration, 17.5 wt% of the DBT was converted while the required amount of DBT 
to convert all the Mo to MoS2 is 4.2 wt% of DBT0. It should be noted that the required 
amount of DBT is calculated based on the assumption of producing MoS2 catalyst. 
Due to the high stability of DBT, the reaction time as well as the reaction temperature 
(4 hrs after reaching 300 °C) were not enough to sulphide all the Mo and start the 
catalytic reaction. Later in this work, the HDS runs will be performed after sulphiding 
the catalyst with other sulphiding agents so the DBT does not work as a sulphiding 
agent and will be converted catalytically by the presulphided catalyst. 
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Table-4.1: DBT conversion and product distribution of HDS runs 
    DBT conversion Product distribution 
(%) 
DBT0 
(wt%) 
Catalyst 
(ppm) 
S:Mo 
(mol 
ratio) 
% DBT0 
to produce 
MoS2 
% (mol) 
/(mol 
of Mo) 
HDS 
% 
BP CHB TH-
DBT 
1.43 500 14.8 13.5 28.4 4.21 27.1 64.4 30.5 5.1 
 1000 7.4 27.1 34.4 2.54 33.0 63.2 32.3 4.5 
 1375 5.4 37.3 37.4 2.01 35.8 62.4 32.7 4.9 
 1750 4.2 47.5 42.4 1.95 40.7 60.2 36.4 3.4 
 2250 3.3 61.3 38.7 1.26 36.1 65.2 28.2 6.6 
 3000 2.4 82.2 22.5 0.55 21.6 75.8 27.0 6.8 
4.56 500 47.3 4.2 17.5 8.30 16.7 66.7 27.3 6.0 
 1000 23.6 8.5 19.4 4.58 18.4 67.5 26.5 6.0 
 1500 15.7 12.8 21.1 3.31 20.0 68.4 25.3 6.3 
 2000 11.7 17.1 22.1 2.59 20.8 68.7 25.2 6.1 
 2500 9.3 21.4 23.3 2.18 21.9 68.9 23.9 7.2 
 3000 7.8 25.8 25.7 2.00 24.0 68.4 24.0 7.7 
 3500 6.6 30.2 26.9 1.78 24.9 70.2 21.3 8.5 
a) HDS runs conditions: catalyst: MoOct, sulphiding agent: DBT, 300 °C, 100 bar, 4 hrs. 
 
The DBT conversion was calculated from the GC analyses while the HDS% 
was obtained from the XRF analyses for the feed and products. The HDS% is 
different from the DBT conversion % since some of the DBT is converted to TH-DBT 
which contains sulphur. The product distribution was calculated by dividing the 
amount of each product by the total amounts of the three products. The error in 
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calculating the DBT conversion and product distribution was ±5%, which is obtained 
by performing the mass balance for the DBT and the products. 
 
By analysing the main DBT products: biphenyl (Bp), cyclohexylbenzene 
(CHB) as well as tetrahydrodibenzothiophene (THDBT) [15, 18], it was found that the 
direct desulphurization route (DDS) is playing the dominant role in DBT conversion 
since most of the DBT converted to BP. This point indicates that the DDS reaction is 
associated with the stoichiometric reaction in which the catalyst particles are 
produced. Figure-4.4 and figure-4.5 show the change in hydrogenation (HYD) and 
DDS reactions versus catalyst concentration. 
 
In high DBT0 HDS runs, the (DDS/HYD) ratio increases by increasing the 
catalyst concentration which is the same trend of the overall DBT conversion as 
shown previously. This is expected since the amount of sulphur in the feed is high 
enough to sulphide most of the Mo so the biphenyl amount in the product is 
proportional to the amount of catalyst. At the same time, the amount of DBT 
converted catalytically by the produced catalyst also increases so the overall 
conversion increases. However, the low DBT0 HDS runs show different and 
interesting trend.  The DDS/HYD ratio decreased as the concentration of the catalyst 
increases then it increased again at the same concentration where the overall DBT 
conversion started to decline (1750 ppm). This behaviour is opposite to the overall 
DBT conversion trend with the catalyst concentration. Since the source of sulphur is 
low in this set of runs, the precipitated solid consisted of activated MoS2 and 
unsulphided Mo mainly associated with carbon. 
 
At lower catalyst content, more active MoS2 particles are produced comparing 
with the unsulphided Mo so the hydrogenation reaction increases resulting in 
increasing the overall DBT conversion. As a function of catalyst content, both the 
desulphurization and the hydrogenation reactions are increasing; the former because 
of increasing the amount of catalyst precursor to be sulphided and the latter due to the 
existence of more activated MoS2. However after a certain point, more unsulphided 
Mo will precipitate comparing with the MoS2. This leads to decrease the catalytic 
reactions and in turn decrease the overall DBT conversion which explains why the 
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DDS/HYD ratio increased again although the overall DBT conversion declined since 
most of the DBT converted here was due to the sulphiding of Mo. 
 
 
 
Figure-4.4: Catalyst concentration effect on DBT conversion and reaction path at 
high DBT0 level 
 
 
 
Figure-4.5: Catalyst concentration effect on DBT conversion and reaction path at low 
DBT0 level 
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To compare the catalyst performance from one run to another, the number of 
moles of DBT converted per mole of Mo used was calculated. The lowest catalyst 
concentration in both cases (high and low DBT0 concentration) shows the highest ratio 
which is a good point that must be considered in optimizing the reaction conditions. 
 
TEM images: The TEM images of the produced catalysts confirm the presence of 
MoS2 fringes when there was enough sulphur in the feed to produce MoS2. TEM 
images have been taken for three different recovered catalysts from the previous HDS 
runs for the low DBT0 concentration feed (1.43 wt%).  Figure-4.6 and figure-4.7 show 
clearly the MoS2 fringes as the main feature of the surface of most of the particles. 
Those two samples are the recovered catalysts of the 500 ppm and 1375 ppm HDS 
runs shown in table-4.1. On the other hand, figure-4.8 shows the surface structure of 
the 3000 ppm catalyst where there was not sufficient sulphur to produce the MoS2 
particles so the fringes are not observed. By studying the images, the slab length of the 
former two catalysts is ranging between 5-10 nm which is comparable to previous 
work values that shows the TEM images of MoNaph derived catalysts with estimated 
slab length of 10 nm [42, 46]. 
 
 
 
Figure-4.6: TEM image of 500 ppm recovered catalyst in low DBT0 
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Figure-4.7: TEM image of 1375 ppm recovered catalyst in low DBT0 
 
 
 
Figure-4.8: TEM image of 3000 ppm recovered catalyst in low DBT0 
 
The number of stacks of the MoS2 layers is another thing that can be estimated 
from the TEM images. The stack number distribution was calculated manually by 
identifying the number of single fringes MoS2, double fringes MoS2, etc. Figure-4.9 
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illustrates the distribution of the stacks number of the 500 and 1375 ppm catalyst. It 
can be noticed that the catalyst produced mostly as monolayer or multilayer with two 
or three layers especially in the 500 ppm catalyst with 66% of it were produced as 
single layer. The stack height is estimated to range between 0.5-2.5 nm with 1 to 4 
layers of MoS2 [46]. This could be due to the temperature at which the reaction 
performed. The Mo sulphided at temperature below 300 °C mostly as mono layer but 
to build up other layers higher energy is required which can be achieved by increasing 
the reaction temperature. 
 
 
 
Figure-4.9: Distribution of the number of layers of the recovered catalyst 
 
XRD analysis: By studying the XRD pattern of several produced catalysts, it can be 
observed that the recovered catalysts from HDS runs with high S:Mo molar ratio show 
relatively sharper peaks of MoS2 comparing with the low S:Mo molar ratio (figure-
4.10 a-f). As shown in the figures of high DBT0 model oil, the peak in 110 plane start 
to get sharper at low catalyst concentration where the S:Mo molar ratio is high. In the 
case of low S:Mo molar ratio, the catalyst particles are just about to be produced and 
they exist as very small particles that are difficult to be detected by the XRD. Once the 
S:Mo molar ratio increased, the peaks started to become sharper indicating that the 
particles start to get bigger in size. In addition, at low S:Mo molar ratio, other peaks 
are existing which indicate the presence of other material associated with the MoS2 as 
illustrated in figure-4.10b.  
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Figure-4.10: XRD pattern of several recovered catalysts, (a-b) low DBT0, (c, e, f) 
high DBT0 
 
The crystalline size in the basal plane for the recovered catalysts calculated 
from the peek at 110 plane using Scherrer equation [37, 46, 51]. For more clarification 
about the calculation procedures, lock at Appendix-B at the end of this thesis. The 
catalyst particle size ranged between 6-8 nm which is agreeing with the result 
obtained from the TEM images. It was difficult to calculate the stack height of the 
recovered catalyst because of the lack of diffraction lines peak in 002 plane. So, the 
size must be smaller than the calculated slab length value (< 5 nm) which proves the 
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existence of mono layer or low stacking particles of MoS2 as the main pattern of the 
produced catalyst. 
 
CHN analyses: CHN analyses have been performed for several recovered catalysts. 
Interestingly a relation was found between the carbon percentage in the catalyst and 
the initial S:Mo molar ratio. As illustrated in table-4.2, the carbon content was high 
for example when the S:Mo molar ratio was 3.3 indicating that the produced MoS2 
catalyst was associated with relatively high amount of carbon (6.11 wt%) which 
confirms the outcomes from the TEM images and XRD pattern. As higher amount of 
sulphur exist, it was found that the carbon content went down to less than 2.0%. There 
was no clear trend of the hydrogen content. In general, it was similar to the carbon, 
increasing with increasing S:Mo ratio except for one of the samples. In the case of 
nitrogen, all the analyses show below 0.50% of nitrogen content. 
 
Table-4.2: CHN analyses of some recovered catalysts. 
DBT0 (wt%) Catalyst (ppm) S:Mo (mol ratio) C % H % N % 
1.43 500 14.8 2.72 1.40 
<0.50  1750 4.2 5.77 1.47 
 2250 3.3 6.11 1.60 
4.56 500 47.3 1.92 3.44 
<0.50  2000 11.7 3.43 1.46 
 3000 7.8 3.72 2.31 
a) Recovered catalyst: MoOct, sulphiding agent: DBT, 300 °C, 100 bar, 4 hrs. 
 
 
4.3.2 H2S effect on the catalyst performance 
 
Several previous works investigated the effect of H2S on the catalyst activity 
of supported and unsupported hydrotreating catalyst [66-68]. Kabe et al. [69] found 
that H2S has inhibiting effects on HDS reactions of DBT and DMDBT using 
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supported nickel molybdenum and nickel tungsten catalysts. In DBT conversion, H2S 
inhibits the production of biphenyl and cyclohexylbenzene with stronger effect on the 
former product. In Rana et al. [70] work, H2S inhibit the HDS and HDN activity of 
heavy crude oil using nickel molybdenum supported catalyst while it has promotional 
effects on HDM reactions.  
 
In order to test the H2S effect on the HDS process, the HDS runs were 
performed with releasing H2S gas and replacing it by fresh H2 gas after cooling down 
the reactor and heating it again to the reaction temperature which is 300 °C. Two 
different runs were performed, in the first run the H2S replaced with fresh H2 two 
times and in the other run it was replaced one time. A third run was performed without 
releasing the H2S gas but the reactor was cooled down and heated to the reaction 
temperature in order to make the three runs similar as much as possible in terms of 
reaction time, temperature and total pressure. The model feed used in this section was 
the low concentrated DBT (1.42 wt%) with 500 ppm of catalyst precursor. 
 
As expected there was a slight improvement in the catalyst performance at 
lower H2S environment. However, the effect was not relatively high. As listed in 
table-4.3, the DBT conversion increased from 17.9 wt% to 19 wt% between the three 
runs. The H2S seems to inhibit the DDS reaction since the amount of BP increased at 
lower H2S environment. These results give an indication of the H2S effect on the HDS 
runs. However, it cannot be guaranteed that if the H2S has high or low inhibition 
effect because the DBT in this run is not only the target of the HDS reaction but also 
works as a sulphiding agent since it is the only source of sulphur in the previous 
reactions. So the DBT portion that was converted by the stoichiometric reaction is 
excluded, then it can be assumed that the H2S has relatively higher effect on the HDS 
activity of the catalyst. 
 
Youshimora et al. found some interesting results about the H2S effect on 
several MoS2 unsupported catalysts. It was shown that the H2S inhibited the direct 
desulphurization reaction as observed in the current work while it dramatically 
increased the hydrogenation pathway resulting in an increase in the overall activity of 
the catalysts [36].  
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Table-4.3: H2S effect on HDS activity of the MoOct catalyst 
      Product distribution 
DBT0 
(wt%) 
Catalyst 
conc. 
(ppm) 
S:Mo 
(mol 
ratio) 
% DBT0 
to produce 
MoS2 
H2S 
release (#) 
DBT 
conv. 
(wt%) 
BP CHB TH-
DBT 
4.56 500 47.3 4.3 0 17.9 62.6 32.6 4.8 
1 18.4 63.5 31.1 5.4 
2 19.0 64.9 29.2 5.9 
a) HDS runs conditions: catalyst: MoOct, sulphiding agent: DBT, 300 °C, 100 bar, 4 hrs. 
 
 
4.3.3 Catalyst recycling 
 
In order to test the catalyst life and longevity, a set of runs were performed 
using the same catalyst while the feed was replaced at the end of each run. The test 
was performed twice: one with a set of three runs in series for the low DBT0 with 
1750 ppm of metal to feed concentration and the other with a set of five runs in series 
for the high DBT0 with 2000 ppm of metal to feed concentration. The conversion of 
DBT was higher in the first run in both sets. This is obvious since the Mo particles 
reacted with DBT during the sulphiding process in addition to the DBT converted 
catalytically. As calculated previously and listed in table-4.1, the required percentage 
of the low DBT0 to sulphide the Mo particles with 1750 ppm of catalyst concentration 
is 47.6% while it was 17.0% of the high DBT0 to sulphide the Mo particles with 2000 
ppm of catalyst concentration. 
 
By comparing DBT products, it was noticed that the BP production decreases 
in the second run comparing with the first run where more DDS reactions occurred 
during the sulphiding process of the catalyst precursor. After the first run, the CHB 
concentration increased indicating the increase of HYD reaction due to the existence 
of the high active MoS2 hydrotreating catalyst. Apart from the first run (in both sets) 
where the sulphiding process of the catalyst was taking place, the performance of the 
catalyst was almost stable which adds more value to the catalyst especially from the 
economic perspective. The results are listed in table-4.4. 
 78 
Table-4.4: Using the catalyst for several runs in row 
    Product distribution 
DBT0 
(wt%) 
Catalyst 
(ppm) 
Run # DBT conv. 
(wt%) 
BP CHB TH-DBT 
1.43 1750 1 41.7 60.5 35.8 3.7 
2 31.9 51.2 41.8 7.0 
3 29.9 49.4 44.3 6.3 
4.56 2000 1 22.4 68.9 24.8 6.3 
2 15.5 50.0 42.4 7.6 
3 14.9 49.3 42.6 8.1 
4 14.1 49.8 43.0 7.2 
5 14.3 48.9 43.3 7.8 
a) HDS runs conditions: catalyst: MoOct, sulphiding agent: DBT, 300 °C, 100 bar, 4 hrs. 
 
 
4.3.4 The effect of adding sulphiding agent on the catalyst activity 
 
Before starting the HDS process in most of the refineries, the catalyst passes 
through an activation process during which the catalyst sulphided by a sulphiding 
agent, most commonly H2S. However, because of the high toxicity of H2S, several 
sulphiding agents have been tested to replace H2S such as dimethyl disulphide, 
dimethyl sulphide, carbon disulphide, ammonium thiosulfate and tertiarybutyl 
polysulphide [45, 72-74, 138]. In the current work, ditertiarybutyl disulphide (TB-S) 
was used as a sulphiding agent. The presulphiding tests were performed in two 
different ways. In the first set of experiments, the sulphiding agent was added to the 
feed in the same run. While in the other set of experiments, the catalyst was sulphided 
first and then the DBT was added in a separate run as described in the following 
section. 
 
TB-S was added at different concentration to the feed at a constant catalyst 
concentration. The run was started normally as described earlier. After reaching 300 
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°C by 2 hours, the reactor was cooled down to 180 °C to release the gas which 
contains high amount of H2S due to the presence of the sulphiding agent especially 
when it was added in excess. After that, the reactor was heated again to 300 °C and 
kept for 4 hours at 100 bar of H2.  By studying table-4.5, it was found that adding the 
sulphiding agent has a negative effect on the total DBT conversion. For example, 
using TB-S leads to decrease the DBT conversion from 57.6 wt% when no sulphiding 
agent was used to 42.5 wt% when t-butyl was added at 10:1 sulphur to Mo molar ratio 
(5 times the theoretical amount of S required to produce MoS2). The reason for this 
trend could be the following two factors. First, the high amount of H2S produced due 
to the presence of the sulphiding agent is acting as inhibitor for the HDS reaction. 
Obviously, the amount of H2S produced during the reaction is much higher when high 
amount of sulphiding agent is added. This factor may not have high effect on the 
activity since the H2S gas was released after 2 hrs of starting the reaction. However, it 
may affect the initial DBT reaction mechanism as will be shown later by studying the 
DBT products. Second, when no sulphiding agent is added, the DBT act as a 
sulphiding agent so high amount of the DBT is converted to produce the MoS2 
catalyst and the rest is removed catalytically by the produced catalyst. However, when 
the TB-S is added to the feed it creates a competition environment between the DBT 
and the TB-S to sulphide the Mo especially that the sulphiding agent decomposes 
easier and reacts faster with the Mo comparing with the highly stable DBT. 
 
Table-4.5: Effect of adding sulphiding agent on the catalyst activity 
  S:Mo mol ratio   Product distribution % 
DBT0 
wt% 
Catal.conc
ppm 
From 
DBT 
From   
TB-S 
Total % DBT0 to 
produce 
MoS2 
DBT 
conv. 
wt% 
BP CHB TH-
DBT 
1.43 1750 4.2 10.2 14.4 0 42.5 49.1 46.8 4.1 
2.0 6.2 0 50.9 57.5 40.2 2.4 
0 4.2 47.5 57.6 63.8 35.0 1.3 
a) HDS runs conditions: catalyst: MoOct, sulphiding agent: DBT+TB-S, 300 °C, 100 bar, 6 hrs. 
 
The reason for higher DBT conversion for the last catalyst sample in table-4.5 
despite the use of the same catalyst concentration of 1750 and no sulphiding agent 
 80 
comparing with the first set of runs (table-4.1) is the longer reaction time which is 6 
hours in this section instead of 4 hours. By studying the products of the DBT 
conversion in table-4.5, it can be shown that as the amount of the sulphiding agent 
increased, the amount of CHB in the products increased. In other words, the HYD 
reaction of the DBT increases by adding more sulphiding agent. When no sulphiding 
agent was used, more biphenyl is produced, which support the idea that the H2S which 
is produced in high amount with sulphiding agent has stronger inhibition effect on BP 
comparing with CHB [36, 69-70]. It may also be concluded that the biphenyl which is 
the direct desulphurization product of DBT is produced in higher amount when DBT 
reacts with the Mo to produce the catalyst particles by the direct cleavage of C-S bond 
(desulphurization pathway). However, when the catalyst is produced by the sulphiding 
agent, then more catalytic hydrotreating reaction occurred between the DBT and the 
catalyst so the amount of CHB increased in the product (hydrogenation pathway). It is 
important to take into account that not all of the sulphiding agent react with the Mo to 
produce the catalysts particles. Part of it reacts with the hydrogen and produce H2S 
gas. For this reason it was added with high amount in the following sulphiding 
reactions. 
 
 
4.3.5 The presulphiding effect on the catalyst activity 
 
Adding the sulphiding agent with the feed in the same HDS runs will show its 
effect on the catalyst activity. However, it will not give a clear image of how the DBT 
is converted and whether it is converted catalytically or not? Does some of it 
participate in the catalyst sulphiding process or not? So in this section, the MoOct 
precursor was sulphided first with TB-S in a clear hexadecane after that the DBT was 
added to start the HDS runs. 
 
Before adding the DBT to the hexadecane that contains the presulphided 
catalyst, it is important first to characterize the catalyst after sulphiding it with TB-S 
and check if it is produced at lower temperature and reaction time than the normal 
previous HDS runs. TB-S was added to MoOct dissolved in hexadecane. The mixture 
was heated up to the desire temperature and kept to react for two hours after 
increasing the pressure to 100 bar. The experiment was repeated three times at 
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different temperatures: 200, 250 and 300 °C. From the XRD pattern, it was proved 
that high temperature (above 250 °C) is required to let the Mo decomposes from the 
organic part and reacts with the TB-S. More details about the presulphiding conditions 
and their effects on the catalyst activity will be discussed in the following chapter. For 
the next HDS runs, the presulphiding experiments will be performed at 300 °C for 1 
hr. 
 
The HDS runs of high and low DBT0 concentrations in hexadecane were 
repeated here using the presulphided catalyst. The Presulphiding runs were performed 
as described earlier using TB-S as a sulphiding agent. After 1 hr of reaction at 300 °C 
and 100 bar of H2, the reactor was cooled down to 150 °C and the pressure was 
released to remove all the H2S gas that may act as inhibitor for the HDS run. After 
that, the DBT was added at two different concentrations to compare the HDS activity 
of the presulphided catalyst with the unsulphided catalysts that performed earlier in 
this work. The pressure was increased to 60 bar and the reactor was heated to 300 °C. 
After reaching 300 °C, the pressure was increased to 100 bar and the reaction kept for 
4 hours. 
 
Figure-4.11 shows the trend of the HDS activity at low DBT0 concentration for 
both the presulphided catalyst (the dashed line) and the unsulphided catalyst (the 
normal line). The presulphided catalyst HDS activity increases linearly by increasing 
the catalyst content. At low catalyst contents, it has lower HDS activity comparing to 
the unsulphided catalyst. As mentioned earlier, part of the DBT is converted during 
the catalyst sulphiding process when no sulphiding agent was used so relatively higher 
amount of DBT was converted. While in the other case, The DBT was only converted 
catalytically since the catalyst was totally presulphided with TB-S. This point can also 
be proved by comparing the DBT products in the two cases as shown in table-4.6. The 
hydrogenation path increased when the presulphided catalysts were used. It also 
increased by increasing the catalyst contents which indicates the increasing of the 
catalytic hydrotreating reactions. At higher catalyst contents (2500 ppm and above), 
the presulphided catalyst becomes more active since the unsulphided catalyst activity 
started to fall down as mentioned earlier. This trend confirmed that some of the 
precipitated catalyst is inhibiting the HDS of DBT as mentioned earlier in this chapter. 
The unsulphided Mo must be associated with carbon so it neither can be sulphided 
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anymore nor catalyse the HDS reaction. In opposite, it reduces the DBT conversion 
possibly because it blocks the active sites of the produced MoS2 and reduces the 
contacts between the catalyst active sites and the DBT in the feed. 
 
 
 
Figure-4.11: Presulphiding effect on DBT conversion at low DBT0 level 
 
 
 
Figure-4.12: Presulphiding effect on DBT conversion at high DBT0 level 
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Table-4.6: DBT conversion of presulphided MoOct catalysts at low and high DBT0 
concentration 
  S:Mo (mol ratio)  Product distribution % 
DBT0 
(wt%) 
Cat. Con. 
(ppm) 
From 
DBT 
From 
TB-S 
Total DBT conv. 
(wt%) 
BP CHB TH-
DBT 
1.43 500 14.8 10 24.8 27.6 52.7 41.1 6.2 
1750 4.2 10 14.2 31.0 50.5 42.3 7.2 
3000 2.4 10 12.4 34.7 49.2 43.4 7.4 
4.56 500 47.3 10 57.3 11.2 50.6 42.4 7.0 
 1750 13.7 10 23.7 13.6 50.2 42.0 7.8 
 3000 7.8 10 17.8 17.5 48.6 43.5 7.9 
a) Sulphiding conditions: catalyst: MoOct, sulphiding agent: TB-S, 275 °C, 100 bar, 1hr 
b) HDS runs conditions: 300 °C, 100 bar, 4 hrs 
 
In the case of high DBT0 concentration (Figure-4.12), the trends of both 
catalysts were the same. As expected, the unsulphided catalyst has higher activity due 
to the sulphiding process and catalytic reactions. However, it is expected that if the 
HDS run was performed at higher catalyst concentration, the unsulphided catalyst 
activity will start to decline because the sulphur amount will not be enough to produce 
activated Mo particles. So, the presulphided catalyst activity will rise above the 
activity of the unsulphided catalyst at some point in the high catalyst concentration 
zone. As with the low DBT0 concentration, the same tendency of HYD and DDS 
reactions were observed by studying the DBT products (table-4.6). 
 
 
4.3.6 The effect of catalyst formulation on DBT conversion 
 
It has been proved previously that using different catalyst formulations of the 
same main metal has significant effect on general catalyst activities. Panariti et al. 
tested several Mo based slurry catalysts to upgrade vacuum residue. The varying of 
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catalyst HDS and metal removal activities were observed from one catalyst to another 
depending on the organic portion of the precursor [52]. In this section, a comparison 
was performed between MoOct and MoNaph, which have been tested previously in 
many works and proved to be highly active slurry catalyst in terms of heavy oil 
upgrading [42-43, 51-52, 139-140]. At the same operating conditions and catalyst 
concentration in terms of metal to feed ppm, the MoOct has higher HDS activity by 
22% comparing with MoNaph. This does not mean that the MoOct must always be 
better than MoNaph. This result indicates that the MoOct can be activated at lower 
operation conditions comparing with the MoNaph since the reaction was carried out at 
300 °C which gives the MoOct an advantage above the MoNaph from the economic 
point of view. The reason of this outcome could be the nature of the two catalysts 
physical and chemical composition. This point need to be investigated in the future by 
analysing the produced catalyst of each precursor. Another advantage of the MoOct 
precursor is its low viscosity comparing with MoNaph which makes it easier to be 
handled and transferred both in various lab experiments or larger scales applications. 
 
 
4.4- Conclusions 
 
The results of the current work prove the clear relation between the HDS 
catalyst activity and the in situ catalyst preparation condition. The experimental work 
has been performed by varying the HDS reaction condition focusing on the catalyst 
concentration and the initial sulphur to molybdenum ratio. Based on the results of the 
current study, the following conclusions can be drawn: 
1. The HDS activity of the catalyst increases by increasing the catalyst precursor 
concentration and it decreases if it reaches the point where the sulphur in the feed is 
not sufficient to produce the catalyst particles. 
2. The DDS path is usually higher than the HYD path especially when no 
sulphiding agent was used. The DDS reaction is associated with the catalyst 
production since the BP increased in the product by increasing the catalyst 
concentration and it decreased when a sulphiding agent was used to sulphide the 
catalyst. 
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3. TEM images and XRD analyses prove the production of MoS2 particles 
especially when the S:Mo molar ratio is high and the catalyst particles size increased 
by increasing the reaction time, temperature and S:Mo molar ratio. 
4. CHN analyses shows higher carbon content in the produced catalyst when there 
was not enough sulphur source to sulphide all the Mo particles leading to reduce the 
catalyst overall activity. 
5. H2S has inhibition effect on HDS catalyst activity with stronger effects on the 
DDS reaction. However, this point will be studied in more details with the use of 
sulphiding agent. 
6. Catalyst recycling shows positive results since the catalyst activity was almost 
stable in several runs in row following a sharp reduction after the first run due to the 
effect of catalyst sulphiding. 
7. Adding a sulphiding agent decreases the overall activity of the catalyst in DBT 
conversion because of the competition between the sulphiding agent and DBT to 
activate the catalyst, which leads to reduce the stoichiometric reaction between the 
DBT and the catalyst precursor. However, it increases the catalytic HYD reactions 
of the DBT as observed from the concentration of CHB in the products. 
8. At 300 °C and 100 bar of H2, MoOct showed higher HDS activity comparing 
with the well tested MoNaph. This could be due to the physical and chemical 
properties of the two precursors which makes the MoOct decomposes easier than 
MoNaph at the above conditions. 
 
It is well known that DBT is highly stable low reactive sulphur compound. So, 
in the following chapters, a highly reactive sulphiding agent will always be used in 
studying the slurry catalyst characteristics and activities and to ensure that all the 
precursor used in the reaction is totally converted to active MoS2 catalyst. 
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5. THE EFFECT OF PRESULPHIDING CONDITIONS ON THE 
CATALYST CHARACTERISTICS AND ACTIVITY  
 
5.1 Introduction 
 
Molybdenum sulphide (MoS2) based catalysts are widely used in the 
refineries for the hydrotreatment of oil refinery streams. Cobalt molybdenum or 
nickel molybdenum sulphide catalyst supported on alumina is the conventional 
hydrodesulphurization catalyst [14-15]. However, those catalysts must be developed 
to meet the new sulphur limit set by the environmental agencies to reduce sulphur 
emissions. Improving the catalysts performance to high level can be achieved by 
studying the catalyst characteristics and morphology and relate it to the catalyst 
activity. Oil dispersed MoS2 catalysts are promising hydrotreating catalysts especially 
for upgrading and hydrotreatment of heavy crude oil. It is produced in situ during the 
hydrodesulphurization process as nano scale particles. Although there are a large 
number of publications about the use of unsupported hydrotreating catalyst [31-35], 
the mechanism of producing the particles and its effect on the catalyst 
characterization is still the focus of several new researches. 
 
It is important to study the sulphiding process conditions and its effect on the 
catalyst particles characteristics. During the sulphidation process, the molybdenum 
precursor reacts with the sulphur that exists in the sulphiding agent in the presence of 
H2 to produce MoS2 nano size particles. Different factors such as the sulphiding time 
and temperature, the hydrogen pressure, the sulphiding agent, heating profile may 
affect the catalyst characteristics which in turn affect the catalyst activity and 
selectivity. Panariti et al. made an extensive study about several metal dispersed 
catalysts focusing on MoNaph after it shows the best activity in vacuum residue 
upgrading comparing with Co, Ni, V, Ru and Fe catalysts. The catalyst produced as 
irregular clusters with diameter of 0.5-2 µm with single or few layers stacking [51-
52]. Tye and Smith have written several papers comparing different MoS2 catalysts 
including MoNaph. They compared the catalytic activities of MoNaph derived 
catalyst with exfoliated MoS2. The former shows higher performance in the 
hydrogenation (HYD) of naphthalene and hydrodenitrogenation (HDN) of carbazole 
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while the later was better in HDS of DBT. The nitrogen was removed from the 
carbazole following the hydrogenation of at least one of the adjacent rings which 
indicates that MoNaph catalyst has very high hydrogenation activity [20, 46-47].  
 
In this chapter, the time and temperature of the sulphiding process and its 
effect on the catalyst characterization and in turn hydrodesulphurization (HDS) and 
HYD activities will be tested. Also a compression between different sulphiding 
agents will be performed. The H2S effect on the hydrodesulphurization activity of the 
catalyst was approached. 
 
 
5.2 Experimental work 
 
5.2.1 Materials: Commercially available molybdenum octoate (MoOct) was used as a 
catalyst precursor. Hexadecane, dibenzothiophene (DBT) and naphthalene were used 
to prepare the model compounds. ditertiarybutyl disulphide (TB-S), dimethyl 
disulphide (DMDS) and ammonium sulphide were used as sulphiding agents. 
 
5.2.2 Presulphiding and HDS Runs: The hydrotreating experiments were carried out 
in the 100 ml autoclave batch reactor. The presulphiding runs were performed at 
different reaction conditions in order to study their effects on the catalyst 
characteristics and activity. TB-S was the main sulphiding agent unless other 
compound mentioned. In general, the sulphiding agent and the catalysts precursors are 
added together in hexadecane and heated for the specified time and temperature. After 
that, the reactor is cooled down to room temperature to release the pressure and add 
the model compound that contains the DBT without removing anything from the 
reactor. This procedure was followed to insure that all the produced catalyst is 
preserved inside the reactor. If the hexadecane that is used to dissolve the precursor 
for the presulphiding process is removed, then definitely some of the ultra fine 
produced solid will be lost causing some experimental error. The amount of 
hexadecane used for the sulphiding process is considered in calculating the initial 
DBT concentration (DBT0). The HDS runs are performed for two hours at 100 bar and 
300 or 350 °C. 
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5.2.3 Hydrogenation reactions: Similar to DBT HDS runs, HYD of naphthalene runs 
were also performed for different presulphided catalysts. The runs were carried on at 
300 °C for 2 hours. 
 
5.2.4 Feed and product analyses: The feed and the products are analysed by the 
previously described analytical techniques: Gas chromatography (GC) and X-ray 
fluorescence (XRF). 
 
5.2.5 Catalyst analyses: The following analyses were performed to study different 
reaction conditions effect on the produced and spent catalysts: X-ray diffraction 
(XRD), Transmission electron microscopy (TEM) and BET surface area. 
 
 
5.3 Results and discussion 
 
5.3.1 Sulphiding time effect 
 
MoOct was sulphided with TB-S at different time periods and analyzed to 
check the progress of the catalyst particles formation with time. At 275 °C, the 
MoOct and the sulphiding agent were mixed in hexadecane for the following time 
periods: 10 min, 40 min, 2 hrs and 12 hrs. Studying the XRD figures of the four 
produced catalysts, it can clearly be observed that MoS2 particles are produced at 
early stage of the sulphiding process. The presence of the peak at 110 plane and the 
lack of the peak at 002 plane in the first three figures indicate the presence of single 
layer MoS2 particles. However at relatively short sulphiding time (10 and 40 
minutes), still other phases are precipitated with the active MoS2 particles. The peaks 
at positions 26.8 and 29.6 2θ are identified to be graphite and molybdenum carbonyl 
respectively. While the small wide peak at position 23 2θ which appeared clearly in 
the first XRD pattern is most likely MoO3. So, the catalyst precursor is decomposed 
immediately during the heating process but it needs either long sulphiding time or 
high temperature in order to completely sulphide the decomposed Mo. 
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By increasing the sulphiding time to two hours, single layer MoS2 particles 
are produced but with less amount of associated carbon. As shown in figure-5.1c, the 
other two peaks became smaller. By increasing the sulphiding time to 12 hours, 
higher purity of multilayer MoS2 particles are produced represented by the presence 
of the peak at 002 plane and the disappearance of the carbon materials related peaks. 
The particle size can be calculated by applying Scherrer Equation on the peaks at 110 
plane while the stack height and in turn number of layers is calculated from 002 plane 
(eq-5.1). λ is the x-ray wavelength and it is equal to 0.1541 nm. K is the shape factor; 
it is equal to 2 for the 110 plane and 0.94 for the 002 plane. β is the full width at half 
maximum converted to radian. θ is the peak angle and it should be divided by 2 since 
the angle in the XRD pattern represents 2θ. 
 
The particle size was increasing with the sulphiding time from 5.0-7.9 nm 
while the stacking height for the last tested catalyst was 3.0 nm (4.9 layers since the 
average space between each MoS2 layer is estimated to 0.615 nm). Table-5.1 shows 
the progress of MoS2 catalyst with time in terms of particle size and number of layers. 
It also shows the BET surface area. 
 
L = 


cos
K
     (equation-5.1) 
 
Table-5.1: Properties of the produced catalyst at different sulphiding times 
Sulphiding 
time 
Particle size 
(nm) 
Stack height 
(nm) 
MoS2 layers # BET surface 
area (m
2
/g) 
10 minutes 5.0 - - 199.0 
40 minutes 5.6 - - 200.7 
2 hours 7.1 - - 139.9 
12 hours 7.9 3.0 4.9 76.4 
a) Sulphiding conditions: catalyst: MoOct, sulphiding agent: TB-S, 275 °C, 100 bar. 
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Figure-5.1: The change in XRD patterns of the catalysts sulphided at 275 °C for 
different reaction time 
 
The BET surface area was decreasing by increasing the sulphiding time. As 
shown in table-5.1, the BET surface area decreased from 200.7 to 76.4 m
2
/g for the 
sulphiding time of 40 min and 12 hours respectively. The reason behind the high 
surface area of the low sulphiding time most likely came from the excess amount of 
the associated carbon which found to be decreasing with increasing the sulphiding 
time. This is in agreement with several previous works on unsupported oil soluble 
catalysts, such as ammonium thiomolybdate and its alkyled derivatives [40] or 
Molybdenum naphthenate [45-46], where they linked the high surface area of the 
produced catalysts with the associated carbonaceous material. 
 
Studying the TEM images of the 2 and 12 hours sulphided catalysts, the 
increase of stacking level between the two catalysts can be observed. Although, the 
images are not so helpful to determine the average number of layers, the second 
catalyst shows more multi layer particles (Figure-5.2 and 5.3). 
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Figure-5.2: TEM image of the catalyst prepared at 275 °C for 2 hours 
 
 
Figure-5.3: TEM image of the catalyst prepared at 275 °C for 12 hours 
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After preparing the catalysts, they were tested for HDS of DBT from 
hexadecane. After sulphiding the catalyst at different reaction times as mentioned 
above, the reactor was cooled down and the pressure was released to get rid of H2S 
gas produced from the sulphiding process, especially when the sulphiding agent was 
added in excess. The DBT was dissolved in hexadecane and added to the reactor 
which contains the hexadecane used in the sulphiding process and the produced solid. 
After that, the reactor was heated to 300 °C and kept for 2 hours. The DBT 
conversion increased from around 10% to more than 20% by increasing the 
presulphiding time of the catalyst precursors (table-5.2). This was expected since the 
catalyst prepared at lower sulphiding time contains some impurities as observed from 
the XRD pattern. Although they increased the surface area of the catalyst, those 
precipitated carbonaceous materials are inactive and reduced the contact between the 
active MoS2 particles and the feed which in turn reduced the overall activity. 
 
As described earlier in this thesis, the DBT converted through two parallel 
paths, direct desulphurization (DDS) producing Biphenyl (BP), and hydrogenation 
(HYD) producing tetrahydrodibenzothiophene (THDBT) and cyclohexyl benzene 
(CHB) [18, 37]. The DDS was the main path in converting DBT for all the tested 
catalysts. The DDS product increased slightly with increasing sulphiding time from 
10 min to 2 hrs and then decreased for the catalyst sulphided for 12 hours even 
though the number of stacked layers increased which should, according to the rim-
edge method developed by Daage and Chianelli [141], increase the DDS reaction 
instead. This decrease in BP production can be explained by two reasons. First, 
although the number of MoS2 layers increased, it was still relatively low stacking 
since only 4 or 5 layers were produced at long sulphiding time resulting in 2 rim sites 
(HYD and DDS reaction sites) and 2 or 3 edge sites (DDS sites). 
 
At low stacking level, the same behaviour of the catalyst selectivity was 
observed in previous work about testing other catalyst precursors were the selectivity 
toward HYD increased with the number of stacks [23, 68]. Second, the higher 
conversion of DBT in the last run of the tested catalysts results in producing higher 
amount of H2S which is proved to be an inhibitor for the DDS reaction as shown in 
several previous works [45, 72, 74] and will also be discussed later in this chapter. 
So, the BP production was affected by the relatively high H2S environment. 
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Table-5.2: The HDS activity of the time effect produced catalysts 
   Product distribution  
Sulphiding 
time 
DBT 
conv (%) 
HDS (%) BP CHB TH-DBT DDS/HYD 
10 min. 9.1 8.0 59.0 29.3 11.7 1.44 
40 min. 11.0 9.9 64.3 24.9 10.8 1.80 
2 hours 12.1 11.1 66.8 23.5 9.7 2.01 
12 hours 21.3 20.5 59.0 35.4 5.7 1.44 
c) Sulphiding conditions: catalyst: MoOct, sulphiding agent: TB-S, 275 °C, 100 bar 
d) HDS runs conditions: 300 °C, 100 bar, 2 hrs 
 
 
5.3.2 Sulphiding temperature effect 
 
In this section, the sulphiding temperature on the catalyst activity and 
characteristic was tested. The sulphiding runs were performed for fixed reaction time 
(2hr) at six different temperatures: 200, 250, 275, 300, 325 and 350 °C. By studying 
the XRD pattern of the produced solids, the particle size and stacking height found to 
be increasing with temperature with less effect on the former character (figure-5.4 
and table-5.3). At 200 °C, there was no indication of the production of MoS2 catalyst. 
Only the other previously identified peaks were observed. At 250 °C, small and wide 
broadening peak at 110 plane was observed indicating the production of small MoS2 
particles in addition to the other three phases: graphite, MoO3 and molybdenum 
carbonyl. Those impurities disappeared at higher temperatures and the particles were 
increasing in size and stacking degree to reach 8.1 nm and 4.3 nm respectively.  
 
Table-5.3: Properties of the produced catalyst at different sulphiding temperatures 
Sulphiding 
temp. (°C) 
Particle size 
(nm) 
Stack height 
(nm) 
MoS2 layers # BET surface 
area (m
2
/g) 
275 7.1 - - 139.9 
300 7.5 1.9 3.1 100.6 
325 8.0 3.4 5.5 78.1 
350 8.1 4.3 7.0 71.3 
a) Sulphiding conditions: catalyst: MoOct, sulphiding agent: TB-S, 2 hrs, 100 bar. 
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Figure-5.4: XRD patterns of the catalysts sulphided for 2 hr at different temperature 
 
Figure-5.5 shows the TEM image of the catalyst prepared at 350 °C. For this 
catalyst, the degree of stacking and the length particles in the basal plane were high 
comparing with the last two TEM images in the previous section. The same effect of 
temperature was observed in previous works on other soluble catalyst especially on 
the stacking degree [68, 74]. Agreeing with the previous section, the BET surface 
area also decreased at higher temperature since most of the produced solid became 
higher purity MoS2 with less amount of associated carbon. At 350 °C, the BET 
surface area was 68.3 m
2
/g. 
 
The HDS of DBT activity and selectivity in this section were in agreement 
somehow with the rim-edge model. The catalyst HDS activity was found to be 
increasing with increasing the sulphiding temperature due to the production of higher 
amount of MoS2 active particles and the reduction of the inactive carbon compounds 
which decrease the accessibility to the active centres of the catalyst. The first two 
catalysts have very low activities as expected since they consisted of high amount of 
carbonaceous compounds. The DBT conversions were around 7.0 and 7.2% for the 
catalysts prepared at 200 and 250 °C respectively and then increased 12.1% for the 
275 °C prepared catalyst. At 300 °C, the catalyst showed higher activity with DBT 
conversion of 19.5%. Finally, the catalyst conversions were 21.4 and 22.1% for the 
last two catalysts. The results are shown in table-5.4. 
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Figure-5.5: TEM image of the catalyst prepared at 350 °C 
 
Table-5.4: The HDS activity of the temperature effect produced catalysts  
   Product distribution  
Sulphiding 
temp. (°C) 
DBT 
conv (%) 
HDS (%) BP CHB TH-DBT DDS/HYD 
200 7.0 5.5 64.9 20.8 14.3 1.85 
250 7.2 5.9 71.1 17.1 11.8 2.46 
275 12.1 11.1 66.8 23.5 9.7 2.01 
300 19.5 18.4 54.5 40.7 4.8 1.2 
325 21.4 20.0 59.8 34.6 5.6 1.49 
350 22.1 21.3 64.5 31.5 4.0 1.81 
a) Sulphiding conditions: catalyst: MoOct, sulphiding agent: TB-S, 2 hrs, 100 bar 
b) HDS runs conditions: 300 °C, 100 bar, 2 hrs 
 
In terms of selectivity of the HYD and DDS reactions, there was no clear 
trend for the first three catalysts, of course because of the low activities of those 
catalysts. For the other three catalysts, the selectivity toward the DDS path increased 
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as the stack height increased. Unlike the previous section, the degree of stacking 
increased here to 7 layers in the case of the catalyst prepared at 350 °C. So, the 
number of edge sites that catalyze the DDS reaction was high enough to make at least 
some shift toward the DDS reactions. Farag et al. found that unsupported MoS2 
catalyst selectivity agreed with the rim-edge model for the catalyst with 5 layers and 
above which is similar to the current study observation [37]. Moreover, the H2S effect 
on the catalysts prepared at 300, 325 and 350 °C most likely was within close range 
since the differences in their DBT conversions were not high as in the previous 
section. For example, the amount of the converted DBT increased by around 80% 
between the two catalysts sulphided for 2 hours and 12 hours. On the other hand, the 
difference between the 300 and 350 °C sulphided catalysts was 13%. 
 
One more point to cover is the HDS reaction for the low active catalysts. It 
was noticed that at low DBT conversion for both experiment sets, the BP was the 
main product comparing with the other HYD products, CHB and THDBT. The high 
BP percentage in the products of the low active catalyst is most likely a result of 
some sulphidation process of the poor sulphided catalysts. Since not all of the Mo 
particles were sulphided properly at low sulphiding temperature or time, then some of 
them are sulphided by DBT during the HDS reactions resulting in producing higher 
amount of BP as explained in the previous chapter where the DDS path was linked 
with the sulphiding process. 
 
 
5.3.3 Increasing the HDS reaction severity 
 
All of the above tested catalysts were used again for HDS of DBT at higher 
temperature, 350 °C instead of 300 °C. Since the reaction temperature was high, the 
DBT conversion increased as expected. The DBT conversion in this set of 
experiments increased to around 46% with clear increase in the BP production 
indicating the increase in the DDS path. Although there is a variation in the HDS 
activities of the catalysts prepared at different sulphiding conditions, this variation 
was not high comparing with the runs performed at 300 °C. It seems that some of the 
DBT was converted by thermal cracking at this reaction temperature leading to 
minimize the observed effect of the preparation conditions. Moreover, since the HDS 
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reaction is performed at 350 °C, then the quality and purity of the previously 
produced catalyst is continuously improved due to further sulphiding process by the 
DBT resulting in increasing the amount of the active sites. As a result, more catalytic 
reactions occurred and more DBT is converted. Regarding to the higher amount of 
BP in the products comparing with the reaction at 300 °C, this may caused by 
increasing the degree of MoS2 stacking because of the high reaction temperature. 
Table-5.5 illustrates the results of those runs. 
 
Table-5.5: The activity of some catalysts for HDS runs at 350 °C 
Sulphiding   Product distribution  
Temp. 
(°C) 
Time DBT 
conv. (%) 
HDS 
(%) 
BP CHB TH-
DBT 
DDS/
HYD 
275 40 min 40.2 38.7 65.0 31.0 4.0 1.86 
275 12 hours 46.0 44.1 62.2 33.0 4.8 1.65 
275 2 hours 43.4 41.0 62.6 33.4 4.0 1.67 
300 2 hours 47.9 45.8 60.1 34.9 5.0 1.51 
325 2 hours 48.5 46.7 62.1 34.2 3.7 1.64 
350 2 hours 47.3 45.8 61.5 35.2 3.3 1.60 
a) Sulphiding conditions: catalyst: MoOct, sulphiding agent: TB-S, temp. & time vary, 100 bar 
b) HDS runs conditions: 350 °C, 100 bar, 2 hrs 
 
 
5.3.4 The change of spent catalyst characteristics 
 
The spent catalysts after the HDS runs were also characterized to check the 
change in their characteristics. From the BET analyses, some increases in the BET 
surface area for most of the spent catalysts were observed while there were no clear 
trends with the reaction temperature or the presulphiding conditions. This could be 
due to further deposition of carbon compounds during the HDS runs. Regarding to 
the XRD pattern and comparing them with the previously shown ones, it can be 
observed that the stacking degree of the catalysts existed as single layer with no peaks 
at 002 plane increased especially when the HDS runs were performed at 350 °C. 
Slight changes were observed for the other catalysts that were sulphided properly at 
higher temperature comparing with the poorly sulphided catalysts. Comparing the 
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XRD pattern in figure-5.6 with the corresponding catalyst in figure-5.1c, the number 
of the layers for the catalyst sulphided at 275 °C for 2 hours increased to 4.4 layers 
after the HDS run at 300 °C while it increased to 6.8 layers after the 350 °C run. The 
particle size also slightly increased as observed from the peaks at 110 plane. The data 
of several spent catalysts are illustrated in table-5.6. 
 
Another interesting finding from the XRD figures was that the peaks of other 
associated compounds precipitated with MoS2 were still observed after the HDS runs. 
Although DBT was used as a sulphiding agent in the previous chapter and 
successfully produced pure MoS2 particles, it does not sulphide the other forms of the 
precipitated Mo such as the MoO3 and molybdenum carbonyl since there peaks 
appeared even after the HDS runs. It seems that it is difficult to sulphide the other 
precipitated Mo compounds after the initial sulphiding process. The Mo can be 
sulphided easily after it decomposes from the precursor but after it reacts with other 
materials and formed different Mo compounds as a solid precipitate it becomes less 
active with any additional sulphur sources. From this point, it can be clearly proved 
that a proper sulphiding process of those types of catalyst precursors is essential since 
the poor sulphided catalyst will continuously show lower activity. 
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Figure-5.6: XRD pattern of some spent catalysts 
 
Table-5.6: Properties of the produced and spent catalysts 
Sulphiding HDS 
temp. 
(°C) 
Particle size 
(nm) 
MoS2 layers # BET surface 
area (m
2
/g) 
Temp. Time Before After before After before After 
275 40 min 300 5.6 7.0 - 4.4 200.7 192.1 
350 7.8 6.8 182.4 
275 2 hrs 300 7.1 7.2 - 4.3 139.9 163.6 
350 8.0 7.0 125.5 
275 12 hrs 300 7.9 7.8 4.9 5.1 76.4 100.3 
350 7.9 7.1 114.9 
325 2 hrs 300 8.0 8.0 5.5 5.5 78.1 101.9 
350 8.2 6.7 110.1 
350 2 hrs 300 8.1 8.2 7.0 7.1 71.3 117.5 
350 8.1 6.9 116.7 
a) Sulphiding conditions: catalyst: MoOct, sulphiding agent: TB-S, temp. & time: vary, 100 bar 
b) HDS runs conditions: 300 °C & 350 °C, 100 bar, 2 hrs 
 
 
5.3.5 Hydrogenation of naphthalene 
 
Some of the previously tested catalysts were prepared again and tested for 
catalytic HYD reactions. This will help to study the HYD activity trends of the 
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catalysts by changing the preparation conditions and check if it is in agreement with 
the above discussed behaviours or not. Different MoOct catalysts were prepared 
following the same procedures mentioned above at different time and temperatures. 
Naphthalene as a target for HYD reaction was dissolved in hexadecane and used as a 
feed for those reactions. The main products of naphthalene HYD as shown in figure-
5.7 are: tetralin and decalin with some studies suggest the production of butyl 
benzene from tetralin at high temperatures [20, 139]. 
 
2H2 3H2
Naphthalene Tetralin Decalin
 
Figure-5.7: Naphthalene hydrogenation reaction path [139]. 
 
In the current test, decalin was the main product for the HYD reactions which 
is the final HYD product of naphthalene indicating the high HYD activity of the 
current catalyst especially that almost complete naphthalene conversion was achieved 
using all of the tested catalysts. Although the variation in naphthalene conversion and 
product distribution was not high from one run to another, the slight effect of the 
stacking degree on the full HYD for naphthalene can be observed. 
 
Table-5.7: HYD of Naphthalene at 300 °C. 
Sulphiding  Product distribution (%) 
Temp. (°C) Time (hr) Naphthalene conv. (%) Tetralin Decalin 
275 2 91.1 24.6 75.4 
275 12 hours 92.7 25.1 74.9 
300 2 hours 93.8 23.1 76.9 
325 2 hours 95.7 28.2 71.8 
350 2 hours 92.7 30.1 69.9 
a) Sulphiding conditions: catalyst: MoOct, sulphiding agent: TB-S, temp. & time: vary, 100 bar 
b) HDS runs conditions: 300 °C, 100 bar, 2 hrs 
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As shown from the data of the last three catalysts listed in table-5.7, the 
decalin percentage decreased as the number of MoS2 layers increased due to the 
decrease in the rim-edge layers ratio which are responsible for the HYD reactions 
[141]. This behaviour of the MoOct catalyst is in agreement with the previous 
observation for the DBT conversion where the increase in BP percentage was 
observed due to the increase in the stacking level. 
 
 
5.3.6 The H2S effect on the catalyst activity 
 
H2S gas is produced during the HDS reaction when the targeted sulphur 
compound reacts with H2 gas on the catalyst surface. In addition to that, it has some 
effect on the HDS reaction mechanisms, which is proved in the literature by several 
researchers [66-68] as well as by the current work. However, the effect of H2S gas in 
the previous chapter was not very high since it was not produced in high amount as 
the DBT was not only the target of HDS reaction but it was a sulphiding agent for the 
MoOct. In this chapter, Tb-S was used as a sulphiding agent and it was used in 
excess. The Tb-S was added to MoOct with S:Mo molar ratio of 10. So, rich H2S 
environment was expected to occur inside the reactor which was confirmed when the 
reactor pressure was released after the sulphiding process. The H2S detector placed 
beside the reactor showed high concentration of H2S gas after releasing the pressure. 
 
To test the H2S gas effect on the catalyst activity, the experiment procedure 
was slightly modified. The DBT and the sulphiding agent were added together in the 
hexadecane at the beginning of the reaction since it will not be possible to add the 
DBT after the sulphiding process. The objective is to keep the H2S inside the reactor 
after the sulphiding process so it would not be possible to open the reactor and add 
the DBT after the sulphiding completed. The test was performed at 300 and 350 °C. 
At each temperature, the experiment was performed twice, one without releasing the 
pressure after the sulphiding process and the other with releasing the pressure to get 
red of the H2S gas. However, at both experiments even when the pressure was not 
released, the reactor was cooled down and heated at the same rate to keep both runs 
identical to each other as much as possible. The sulphiding process was performed at 
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275 °C for 4 hours and the HDS runs were performed at the specified temperatures 
for 2 hours. 
 
Unlike the previous chapter, the H2S effect on the catalyst activity was clearly 
high especially at high severity HDS condition. At 350 °C, the overall conversion of 
DBT decreased by around 82% for the rich H2S environment (table-5.8). It was 
clearly observed that it affected the DDS path as the percentage of the BP in the 
product distribution decreased and the intermediate HYD product, THDBT increased. 
The DDS/HYD decreased from 1.43 to 0.89. At 300 °C, similar behaviour was 
observed but the overall change in DBT conversion and BP production was lower 
than the change of the 350 °C experiments. Since, the DDS reaction increases usually 
at high temperature as shown earlier in this chapter, then normally the effect of H2S 
will be higher at high reaction temperature since it was proved to have negative 
effects on DDS specifically while it has minimal effect on HYD reaction and even 
some studies showed its promoting effects on this path [36, 71].  
 
Table-5.8: The effect of H2S gas on the catalyst activity and selectivity 
    Product distribution  
H2S 
release 
HDS 
temp.(°C) 
DBT 
conv. (%) 
HDS 
(%) 
BP CHB TH-
DBT 
DDS/
HYD 
Yes 350 56.0 55.1 58.9 39.3 1.8 1.43 
No 30.8 27.1 47.1 36.5 16.4 0.89 
Yes 300 19.5 18.6 50.0 44.9 5.1 1.00 
No 13.0 11.3 43.2 44.0 12.8 0.76 
a) Sulphiding conditions: catalyst: MoOct, sulphiding agent: TB-S, 275 °C, 100 bar, 4 hrs 
b) HDS runs conditions: 300 °C and 350 °C, 100 bar, 2 hrs 
 
This negative effect of H2S on the DDS path can be related to the high heat of 
adsorption of H2S on the catalyst surface comparing with that of DBT. So, it 
competes with DBT to be adsorbed on the DDS active sites leading to the inhibition 
effect on this reaction path. Kabe et al. found that adding another metal such as Ni or 
Co helps to increase the mobility of the sulphur atom on the catalyst surface and 
weaken the Mo-S bonds of the catalyst which will help to minimize the negative 
effect of H2S [69].  
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5.3.7 The effect of the sulphiding agents 
 
Because of the side effects on the reaction mechanism and the high toxicity of 
the H2S gas which is the common sulphiding agent used to activate the catalysts, 
other sulphiding agent have been tested and used such as ammonium sulphides, 
carbon disulphide, dimethyl disulphide (DMDS), dimethyl sulfide (DMS) 
tertiarybutyl polysulfide (PSTB), tertiarynonyl polysulfide (PSTN), etc [68-72]. In a 
previous work, comparable HDS activity with better selectivity for DDS reactions 
was obtained when NUBELA hydrotreating catalyst was sulphided with DMDS 
instead of H2S. In the same work, DMS was not efficient as a sulphiding agent since 
it produced a less active catalyst most probably due to the precipitation of more 
carbonaceous material [72]. However, a comparison between H2S and DMDS was 
also performed in another work. The former shows much better performance in 
producing high active bimetal catalyst while the DMDS was not active for this 
process [68]. So, the types of the sulphided catalysts as well as the process conditions 
are also key factors for the judgement on a certain sulphiding agent. 
 
In the current work experiments, three different sulphiding agents were used 
to sulphide the MoOct precursor: TB-S, dimethyl disulphide (DMDS), and 
ammonium sulphide. Since the TB-S was the main sulphiding agent in this paper, the 
progress of the produced catalyst with time and temperature was discussed earlier in 
this chapter. In the case of DMDS, the change in the produced catalyst at different 
reaction condition can be observed by studying the XRD pattern that is shown in 
figure-5.8. At 275 °C, the produced catalyst showed several peaks including the 
previously identified once: MoO3 and molybdenum carbonyl as well as several other 
peaks for the catalyst sulphided for 2 hours. Comparing with TB-S for the same 
sulphiding time, TB-S produces higher purity MoS2 catalyst with less amount of other 
associated carbon materials as shown from the peaks sizes. Increasing the sulphiding 
time using DMDS to 12 hours improved the quality of the catalyst but still the TB-S 
showed better performance at the same condition. Only when the sulphiding process 
performed at 350 °C, the XRD pattern showed no other peaks except the MoS2. 
 
In the case of the other sulphiding agent, ammonium sulphide, although it was 
successfully used in several previous works as a sulphiding agent for other catalysts, 
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it was not efficient to produced active catalyst from MoOct precursor. Not only the 
activity was low, but also the amount of the solid recovered after both the sulphiding 
and HDS runs was very low. So, there are no characterization works on this catalyst 
and only the HDS activities are shown in table-5.9. At similar sulphiding and HDS 
conditions, the TB-S produced a catalyst with more than double HDS activity 
comparing with the activity of the DMDS produced catalyst. This was expected since 
the precursor was poorly sulphided when DMDS was used as shown in the XRD 
pattern. Figure-5.8c showed the XRD of the spent DMDS catalyst where several 
other peaks still exist even after the HDS run which prove the importance of proper 
sulphiding conditions.  
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Figure-5.8: XRD pattern of some DMDS sulphided catalysts 
 
Table-5.9: The HDS activity of MoS2 produced by different sulphiding agents 
   Product distribution  
Sulphiding 
agent 
DBT conv 
(%) 
HDS 
(%) 
BP CHB TH-
DBT 
DDS/HYD 
TB-S 21.3 20.5 59.0 35.4 5.7 1.44 
DMDS 9.1 8.0 68.4 20.4 11.2 2.16 
Amm. Sulphide 3.3 3.3 97.2 2.8 0.0 35.0 
a) Sulphiding conditions: catalyst: MoOct, sulphiding agent: vary, 275 °C, 100 bar, 12 hrs 
b) HDS runs conditions: 300 °C, 100 bar, 2 hrs 
 
 
5.3.8 Eliminating the heating time effect 
 
It was aimed to study the early stage produced particles by eliminating the 
heating time to reach the required temperature. This may help to get some stable 
mono layer sulphide catalyst. Although the XRD pattern of several produced catalysts 
did not show any peak at 002 plane, the TEM images show some degree of stacking. 
So, the lack of 002 peak in several XRD figures does not mean the catalyst exist as 
mono layer but it may consist of MoS2 particles with 2 or 3 layers. The experimental 
procedure as well as the reactor fittings and inlets were modified to perform this test. 
c- Sulphiding at 275 °C for 12 hrs, HDS at 300 °C
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First, hexadecane was placed inside the reactor vessel and heated to 300 °C. The 
reactor pressure was 15 bar at this temperature. The MoOct and TB-S as a sulphiding 
agent were mixed and dissolved in hexadecane to reduce the mixture viscosity. When 
the hexadecane temperature in the reactor reached 300 °C, the mixture that contains 
the precursor and the sulphiding agent was forced inside the reactor by 60 bar 
hydrogen gas. After five minutes, the reactor was cooled down and the catalyst 
recovered for further analyses. The experiment was repeated again at 350 °C. 
 
 
Figure-5.9: TEM image of the catalyst sulphided for 5 minutes after introducing the 
precursor to the hot solvent 
 
The XRD pattern for both recovered catalysts showed small wide peak at 110 
plane indicating the production of some MoS2 particles. However, the other 
impurities existed also in larger amount, especially the graphite and molybdenum 
carbonyl. The TEM image of the catalyst sulphided for five minutes (figure-5.9) 
showed few fringes of single layered MoS2, less density than what usually was 
observed in the previous TEM images. From these observations, it can be concluded 
that single layer MoS2 particles can be prepared using the above mentioned 
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procedures but longer sulphiding time is required in order to activate all the Mo 
atoms which may result in increasing the stacking degree of the catalyst. 
 
 
5.4 Conclusions 
 
Initially, several experiments with different sulphiding conditions were 
performed simultaneously before choosing the best condition for each category. 
Those initial experiments where performed to help us for example to choose the right 
sulphiding time to check the effect of varying the temperature, to choose the right 
temperature to check the effect of varying the time, to choose the best sulphiding 
agent, etc. Increasing the sulphiding time and temperature lead to increase the catalyst 
slab length in the basal plane and the stack height with more effect of the sulphiding 
temperature. The change in the slab length is low comparing with the change in the 
stack height. At higher stacking degree (5 layers and above), the selectivity toward 
DDS reaction increased which agrees with the rim-edge model. The DDS reactions 
increased due to the increase of edge layers ratio which also affected the HYD of 
naphthalene to decalin. The H2S concentration in the reactor has strong inhibition 
effect on the catalyst activity, especially on the DDS path. At similar sulphiding 
conditions, TB-S was the best sulphiding agent comparing with DMDS and 
ammonium sulphide. 
 
In conclusion, it was found that proper sulphiding conditions in terms of time, 
temperature and sulphiding agent are required to produce highly active MoS2 catalyst 
from MoOct precursor. This is required especially if the treated feed contains high 
stable less reactive compounds such as DBT and its derivatives. Some types of crude 
oil already contain several high active sulphur compounds which can easily work as a 
sulphiding agent for the precursor and in turn minimize the necessity of the 
presulphiding process. However, if the MoOct is used for post-treatment reactions 
where heavy stuffs that contain high concentrations of refractory compounds are 
treated, then proper presulphiding process is essential. 
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6. TESTING THE ACTIVITIES OF DIFFERENT BIMETAL 
CATALYSTS 
 
6.1 Introduction 
 
In addition to MoS2 which is the most common catalyst used for hydrotreating 
and hydrocracking reactions, several other catalysts are also developed for the same 
issue such as nickel, tungsten, cobalt, iron and vanadium sulphides. They are used 
both as individual catalysts or promoters for another metal. Some of those metals are 
preferred because of their high activity or longevity while others are preferred due to 
their low expense which will add more value to the process economics. The 
development of individual or combination catalysts is usually a hot topic in the field 
of oil processing. 
 
From many previous studies about MoS2 hydrotreating catalysts, it is well 
known that adding a promoter such as Co or Ni improves the catalyst different 
activities. CoMo catalysts proved to be very active for HDS reaction and less active 
for hydrodenitrogenation (HDN) or hydrogenation (HYD) reactions. On the other 
hand, NiMo catalysts are preferred to be used for treating feeds with high contents of 
unsaturated compounds due to their high activities in the HYD reactions in addition to 
HDN reactions. Phosphorous is used sometimes to increase the selectivity toward 
hydrogenolysis reaction against HYD [34-35]. The earliest studies about mixing Co 
and Mo for HDS reactions were approached in Germany prior WWII. One of the 
earliest published works was in 1943 when Byrns et al. studied the chemical and 
mechanical mixing of MoO3 and CoO. In late 1950s, Beuther et al. published a study 
comparing different mixtures of CoMo and NiMo for HDS reaction by varying the 
promoter to Mo atomic ratio [34-35, 53-55].  
 
In this chapter, the performances of individual precursors were compared with 
the well tested precursor MoOct. Also different combinations of Mo with Co or Ni 
precursors were prepared and tested for HDS of DBT. In addition to that, the HYD of 
naphthalene (Nap) was approached using several catalyst systems. This can help us to 
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get an overview of different activities of the produced catalysts and relate its 
behaviour with the HDS behaviour. 
 
 
6.2 Experimental work 
 
6.2.1 Materials: commercially available molybdenum octoate (MoOct), molybdenum 
naphthenate (MoNaph), cobalt octoate (CoOct) and nickel octoate (NiOct) were used 
as catalyst precursors. MoS2 powder was used also to compare its activity with other 
precursors. Hexadecane, dibenzothiophene (DBT) and naphthalene were used to 
prepare the model compounds. Ditertiarybutyl disulphide (TB-S) was used as a 
sulphiding agent. 
 
6.2.2 Presulphiding and HDS Runs: The hydrotreating experiments as well as the 
presulphiding runs were carried out in the 100 ml autoclave batch reactor. The 
presulphiding runs were performed first at 275 °C for 12 hours using TB-S and 
hexadecane as a solvent. Then, the reactor was cooled down to release the H2S 
produced during the presulphiding and the hexadecane that contains the DBT was 
added to perform the HDS run. For the bimetal runs, Co and Ni were added to Mo at 
different mole ratio. The concentration of the Mo was fixed while the Co and Ni were 
added at different concentration to test the best combination of the two metals in terms 
of HDS activity. 
 
6.2.3 Hydrogenation reactions: HYD of naphthalene runs were also performed for 
different presulphided single and bimetal catalysts. The runs were carried on at 300 °C 
for 2 hours. 
 
6.2.4 Feed and product analyses: The feed and the products are analysed by the 
previously described analytical techniques: Gas chromatography (GC) and X-ray 
fluorescence (XRF). 
 
6.2.5 Catalyst analyses: The following analyses were performed to study the nature 
of the catalyst produced from different precursors and metals: X-ray diffraction 
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(XRD), Transmission electron microscopy (TEM), BET surface area and carbon 
nitrogen hydrogen analysis (CHN). 
 
 
6.3 Results and discussions 
 
6.3.1 Testing deferent metal sulphide precursors 
 
Each metal precursor was tested for model compound desulphurization. The 
precursors were added to the model compound that contains certain concentration of 
DBT in the reactor without adding any sulphiding agent. The metal to feed 
concentration was 2000 ppm by weight. The DBT here was acting as a sulphiding 
agent and target of HDS at the same time except for the powder MoS2 which is 
already in the sulphide form. The runs were performed at 300 °C for 4 hours. Table-
6.1 shows the activity and product distribution for each catalyst. From the preliminary 
runs, the differences in the activities between the Mo metal and the other two metals 
are clearly observed. CoOct and NiOct had very low activities at this temperature 
because of the poor sulphiding reactions between the high stable DBT and the metals. 
In order to be activated, they required more active sulphiding agent which will be 
used in the following sections.  
 
The two Mo oil dispersed catalysts were higher in activity comparing with the 
Co and Ni with better performance of MoOct. The MoOct showed higher DBT 
conversion activity by around 38%. This difference in the activities was clearly 
caused by the poor sulphiding process of the precursors. If the XRD patterns of the 
two recovered catalysts were compared, more impurities of graphite, MoO3 and 
molybdenum carbonyl in the MoNaph catalyst are detected. The MoS2 powder 
catalyst was less active comparing with the dispersed catalysts but it should be 
pointed that some of the DBT was converted due to the sulphiding process of the 
dispersed catalysts leading to higher conversion level comparing with the MoS2 
powder. For better judgment about the MoS2 powder performance, it must be 
compared with the sulphided form of the MoOct and MoNaph. 
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Table-6.1: The HDS activity of each catalyst precursors at 300 °C for 4 hours 
   Product distribution  
Catalyst 
precursor 
DBT conv. 
% 
HDS % BP CHB TH-
DBT 
DDS/
HYD 
MoOct 24.9 22.7 63.9 25.1 11.0 1.77 
MoNaph 18.1 17.0 67.9 23.1 9.0 2.12 
MoS2 10.1 10.1 84.6 15.4 0.0 5.49 
CoOct 2.1 2.0 66.1 31.7 2.2 1.95 
NiOct 3.6 3.4 60.1 35.8 4.1 1.51 
a) HDS runs conditions: 300 °C, 100 bar, 4 hrs 
 
 
 
 
Figure-6.1: XRD analyses of Mo based spent catalysts 
a- MoNaph after HDS run at 300 °C
0
100
200
300
400
500
600
700
800
900
1000
10 20 30 40 50 60 70 80
2θ (deg)
In
te
n
s
it
y
b- MoOct after HDS run at 300 °C
0
200
400
600
800
1000
1200
1400
10 20 30 40 50 60 70 80
2θ (deg)
In
te
n
s
it
y
 114 
6.3.2 Catalyst presulphiding using ditertiarybutyl disulphide (TB-S) 
 
Individual metals as well as bimetal catalysts were prepared by sulphiding it 
with TB-S to study the produced solids. TB-S was used in this section because it 
previously showed the best performance in sulphiding the MoOct. The presulphiding 
runs were performed at 275 °C for 12 hours to ensure better sulphiding. The XRD 
patterns for some of the catalysts are shown in figure-6.2. The produced catalyst from 
CoOct was identified to be Co9S8 while the NiOct sulphided catalyst consisted of both 
hexagonal NiS and cubic Ni3S4 crystals. The recovered Co and Ni catalysts from the 
previous sections did not show the same peak shown in figure-6.2 proving the poor 
sulphiding process when DBT was used as the only sulphur source. Also the MoNaph 
produced highly pure MoS2 in this section similar to that produced by well sulphided 
MoOct in the previous chapter. 
 
For the bimetal systems, the MoOct precursor was promoted by CoOct and 
NiOct. In the case of using CoOct as a promoter, the produced catalysts XRD 
analyses showed small wide peak at the same positions of pure MoS2 while none of 
the peaks that were observed earlier in the XRD analysis of Co9S8 existed in the 
bimetal system XRD analysis (figure-6.3a). This XRD pattern indicates the 
production of very fine single or double layer particles of MoS2. At these sulphiding 
conditions, the MoOct produces a catalyst with bigger particles and multi stacking 
layers (7 layers or more) but with the addition of Co the stacking level prevented from 
building up. This observation is opposite to what was found in another work where 
Co was added to alumina supported MoS2 catalyst. Co addition caused the increase in 
the number of stacking layers and if the support is weak it also promotes the 
expansion in the lateral side [55]. 
 
In the current catalyst system, there could be some amount of other 
compounds, either CoMoS or Co9S8, mixed with the MoS2 but their peaks could be 
overlapped by the MoS2 pattern or very small to be detected comparing with MoS2 
particles. In addition to that, the Co9S8 most likely decorate the edges of MoS2 layers 
so they are not detectable by the XRD analyses. 
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Figure-6.2: XRD analyses of Co and Ni based catalysts 
 
When NiOct was used as a promoter, the produced catalyst showed clear 
MoS2 peaks at the 002 and 100 planes. Unlike the Co promoted MoS2, the MoS2 
particles here are bigger in both the size and the stacking height (the number of layers 
calculated to be 6.3). When the Co was added to the Mo it somehow altered the 
formation of the MoS2 particles as was described earlier. On the other hand, adding 
the Ni did not introduce any changes in the XRD pattern of single MoS2 (figure-6.3b). 
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Figure-6.3: XRD analyses of bimetal systems. 
 
CHN analyses of the prepared catalysts are shown in table-6.2. Lower carbon 
and higher hydrogen content were obtained when bimetal catalyst was used.  It seems 
that one of the positive roles for both promoters is to reduce the amount of carbon 
precipitated with the solid leading to higher active catalyst as well be shown later in 
next section. Regarding to the BET surface area, as expected it was proportional to the 
carbon content as higher amount of carbon result in high surface area catalyst. TEM 
images of the bimetal catalysts do not show any differences from the previous images 
of single MoS2 catalysts. The Co or Ni particles were not observed with the MoS2 
fringes. So, there is no point to put the images here. 
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Table-6.2: Characteristics of different produced catalysts. 
Catalyst BET C % H % N % 
MoOct 73.5 2.41 2.46 
<0.50 
CoOct 98.2 2.03 1.84 
NiOct 92.4 2.41 2.46 
Co-Mo 54.7 1.48 3.80 
Ni-Mo 57.8 1.58 3.49 
a) Sulphiding conditions: catalyst: vary, sulphiding agent: TB-S, 275 °C, 100 bar, 12 hrs 
 
 
6.3.3 Single and bi metal catalysts HDS activities 
 
The HDS activities of different presulphided catalysts systems were tested. 
The presulphiding runs were performed at 275 °C for 12 hours and the HDS runs 
were performed at 300 °C for 2 hours. The Mo concentration was fixed to be 2000 
ppm in all the runs, while the promoter was added in different mole ratio to the Mo. 
The number between the parentheses in table-6.3 and 6.4 is the mole ratio of Co or Ni 
and was calculated using the following equation: Co (or Ni)/ [Co (or Ni) +Mo]. 
 
Comparing different Mo catalysts, it was found that the gap between the 
activity of MoOct and MoNaph became low comparing with the activities of the same 
precursors when they were not sulphided (as shown previously in section 3.1). MoOct 
converted 21.3% of the DBT while the MoNaph converted 19.9%. This outcome 
confirmed the fact that at proper sulphiding conditions both precursors produce 
similar active MoS2 particles while when the sulphiding agent was highly stable 
(DBT) and the reaction time was low (4 hours instead of 12 hours) the MoNaph was 
not completely sulphided or sulphided at lower degree than MoOct. 
 
In the case of MoS2 powder, the catalyst activity was less than half of the oil 
dispersed catalyst activities. The main reason could be the larger particle size of MoS2 
powder catalysts resulting in less dispersion level and in turn less contact between the 
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DBT particles and the catalyst active sites. Regarding to the CoOct and NiOct, 
although they were better sulphided using TB-S, they showed low performance in 
DBT conversion. As expected earlier, Co and Ni are not suitable catalysts for HDS 
reactions by themselves despite their remarkable promotion effect on Mo activity as 
will be shown in the following paragraph. 
 
Adding a small amount of Co to the MoOct increased the DBT conversion to 
around 59%. As expected the DDS path was increased since CoMo catalyst is well 
known to be highly active for HDS reactions [55]. Adding more Co lead to increase 
the HDS activity to higher level with the best Co mole ratio of 0.3 considering both 
the activity and the process economic since adding more Co will just slightly increase 
the HDS activity as shown in table-6.3. In the case of using NiOct, it also increased 
the DBT conversion with slightly lower effect comparing with the CoOct effect. 
Adding Ni increased mostly the DDS path instead of HYD path. Although it is well 
known for its high HYD activities, adding Ni with 0.3 mole ratio increased the 
DDS/HYD ratio from 1.44 for the MoOct catalyst to 3.09. NiMo catalyst is well 
known for its high HYD activity as proved earlier and as will be shown later in this 
chapter. However, its effect on DBT conversion was similar to the effect of Co where 
both enhanced the DDS path more than the HYD path. 
 
In the bimetal systems of the current study, the XRD analysis for NiMo 
catalyst showed exactly the same pattern of MoS2 with high degree of stacking. No Ni 
containing crystalline phases as those observed in figure-6.2b were shown in the 
bimetal system. So, the high increase in the DDS path for the NiMo system can be 
related to the increase in the number of MoS2 layers as described in the rim-edge 
model by Daage and Chianelly [141]. As shown in the CHN analyses results, adding 
Co or Ni also decreased the carbon content in the produced solid leading to the overall 
increase in the HDS activity for both bimetal systems. 
 
The Ni and Co must have a certain role either by synergism or promotion 
effect for the Mo. It is suggested that adding Ni or Co does not change the active sites 
of the MoS2 but it increases their numbers by increasing electron density on the 
sulphur atoms [35, 54]. At some stages during the HDS reaction, Co or Ni definitely 
decorated the edge sites of the MoS2 particles creating some sulphur vacancies that 
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lead to increase the HDS level. However, the CoMoS or NiMoS are not stable phases 
at catalytic hydrotreating conditions as proved earlier in other works [34-35]. So they 
were not detected in the XRD analyses especially in the case of NiMo catalyst. 
Another advantage of the bimetal systems is their resistance to the H2S inhibition 
effect as will be shown in the following section.  
 
Table-6.3: HDS runs at 300 °C using different presulphided catalysts 
   Product distribution  
Catalyst precursor DBT 
conv. % 
HDS % BP CHB TH-
DBT 
DDS/
HYD 
MoOct 21.3 20.5 59.0 35.3 5.7 1.44 
MoNaph 19.9 19.2 57.6 36.4 6.0 1.36 
MoS2 8.3 7.8 76.1 13.9 10.0 3.18 
CoOct 5.6 5.4 61.9 32.2 5.9 1.62 
NiOct 4.8 4.6 51.8 41.4 6.8 1.07 
MoOct + CoOct (.15) 59.0 59.0 67.6 32.0 0.4 2.09 
MoOct + CoOct (.30) 72.5 72.3 66.2 33.6 0.2 1.96 
MoOct + CoOct (.45) 74.8 74.5 68.9 30.8 0.3 2.22 
MoOct + NiOct (.15) 42.3 42.1 60.3 38.9 0.8 1.52 
MoOct + NiOct (.30) 64.4 64.0 75.6 23.9 0.6 3.09 
MoOct + NiOct (.45) 65.9 65.3 75.2 24.4 0.4 3.03 
MoOct + MoOct (.3) 20.8 20.1 61.0 33.7 5.3 1.56 
a) Sulphiding conditions: catalyst: vary, sulphiding agent: TB-S, 275 °C, 100 bar, 12 hrs 
b) HDS runs conditions: 300 °C, 100 bar, 2 hrs 
 
Some of the catalysts were prepared and tested again at high severity reaction 
conditions mainly to reach high degree of HDS level. The results are shown in table-
6.4. The performance of all the single catalysts increased and the variation in the 
activity between them followed the same manner of those at 300 °C. The CoMo 
catalyst showed remarkable level of desulphurization by removing almost all the DBT 
from the hexadecane. NiMo also showed very high level of HDS but lower than that 
of CoMo catalyst. 
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Table-6.4: HDS runs at 350 °C using different presulphided catalysts 
   Product distribution  
Catalyst precursor DBT 
conv. % 
HDS % BP CHB TH-
DBT 
DDS/
HYD 
MoOct 46.0 44.1 64.9 31.0 4.1 1.85 
MoNaph 45.0 43.2 64.0 31.5 4.5 1.78 
MoS2 28.2 26.0 78.0 14.5 7.5 3.55 
CoOct 10.8 10.4 63.9 30.8 5.3 1.77 
NiOct 9.0 8.8 57.1 36.6 6.3 1.33 
MoOct + CoOct (.30) 94.0 94.0 64.5 35.5 0.0 1.82 
MoOct + NiOct (.30) 86.6 86.6 74.9 25.1 0.0 2.98 
a) Sulphiding conditions: catalyst: vary, sulphiding agent: TB-S, 275 °C, 100 bar, 4 hrs 
b) HDS runs conditions: 350 °C, 100 bar, 2 hrs 
 
 
 
6.3.4 Effect of H2S on the bimetal catalysts 
 
In this section, the advantage of using a promoter to minimize the H2S effect 
on the catalyst activity was approached. The role of H2S gas on the catalyst activity 
has been mentioned several times in this work (Chapter 2, 4 and 5) including the 
discussion of this study results and a comparison with the findings in several previous 
works. The sulphiding process was performed at 275 °C for 12 hours and the HDS 
runs were performed at 300 °C for 2 hours. To test the rich H2S environment effect, 
the H2S gas produced from the sulphiding process was kept in the reactor during the 
HDS run. The DBT and the sulphiding agent were added together in the hexadecane 
at the beginning of the reaction because it will not be possible to add the DBT after 
the sulphiding process. 
 
It can be clearly observed how the promoter suppresses the negative effect of 
H2S. The MoOct activity decreased by around 30% in the rich H2S environment, 
while the activity of the bimetal systems decreased by around 12%. Other works 
relate the minimum effect of H2S on NiMo catalyst to the high HYD activity of that 
catalyst and the H2S proved to be a strong inhibitor for DDS reaction while it 
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promotes the HYD reactions. In this study, this may not be the reason since both Co 
and Ni enhanced the DDS path for the Mo. The following two reasons are suggested: 
 The Co and Ni create more active sites when they are added to the Mo so the 
competition between DBT and H2S for the adsorption on the catalyst surface 
becomes lower [56].  
 The heat of adsorption of H2S on the bimetal catalyst is always lower than that 
of single metal catalyst [69].  
 
Table-6.5: The effect of H2S gas on the catalyst activity and selectivity 
    Product distribution  
Catalyst H2S 
release 
DBT 
conv. (%) 
HDS 
(%) 
BP CHB TH-
DBT 
DDS/
HYD 
MoOct Yes 20.6 19.5 55.9 38.5 5.6 1.27 
No 14.4 12.8 43.6 45.9 10.5 0.77 
CoMo 
(0.3) 
Yes 70.6 70.5 60.4 39.5 0.1 1.53 
No 62.3 61.0 53.8 44.0 2.2 1.16 
NiMo 
(0.3) 
Yes 61.6 61.1 63 36.1 0.9 1.70 
No 54.1 52.2 56 40.4 3.6 1.27 
a) Sulphiding conditions: catalyst: vary, sulphiding agent: TB-S, 275 °C, 100 bar, 12 hrs 
b) HDS runs conditions: 300 °C, 100 bar, 2 hrs 
 
 
6.3.5 Hydrogenation of naphthalene using bimetal catalysts 
 
Following the same sulphiding procedure in the previous sections, different 
prepared catalysts were employed for naphthalene HYD reactions. As illustrated in 
table-6.6, the MoNaph showed slightly higher HYD activity comparing with the 
MoOct whish was tested in the previous chapter. It converted more naphthalene and at 
the same time produced more decalin. As expected, adding a promoter completely 
wiped up the naphthalene from the feed mostly to the full HYD product. NiMo 
catalyst showed the highest activity in terms of full HYD with almost 99% of decalin. 
This result confirmed the high HYD activity of the current dispersed NiMo catalyst 
despite the higher degree of enhancement in the DDS path over HYD path as 
observed earlier in DBT conversion. Adding a promoter to the MoS2 create higher 
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sulphur vacancies on the Mo so the sulphur anion adsorbed more hydrogen radicals 
leading for more HYD reactions. 
 
Table-6.6: HYD of Naphthalene at 300 °C 
  Product distribution (%) 
Catalyst Naphthalene conv. (%) Tetralin Decalin 
MoOct 92.7 25.1 74.9 
MoNaph 93.6 22.7 77.3 
CoMo (0.3) 100 5.8 94.2 
NiMo (0.3) 100 1.4 98.6 
a) Sulphiding conditions: catalyst: vary, sulphiding agent: TB-S, 275 °C, 100 bar, 4 hrs 
b) HDS runs conditions: 300 °C, 100 bar, 2 hrs 
 
 
6.4 Conclusions 
 
In this chapter, the activities of different catalyst precursors were tested for the 
HDS of DBT. For single sulphide catalyst, the Mo was the catalyst with the best 
performance in converting DBT while the Co and Ni had very low activities. The two 
Mo dispersed catalysts showed very close HDS activities when they were properly 
sulphided with a little bit higher activity of MoOct. The MoS2 powder was less active 
comparing with the other two Mo catalysts most likely due to its larger particle size 
which leads to reduce the particles dispersion in the feed and in turn reduce the 
contact between the DBT and the active centres on the Mo. 
 
Although the XRD analyses and TEM images did not prove the existence of 
bimetal particles or mixture two metal sulphides, adding Co or Ni to the Mo 
remarkably increased its HDS activity as well as the HYD activity by completely 
converting the naphthalene mostly to the final product (decalin). The main observed 
effect of Ni on the Mo is the increase of MoS2 layers while the Co prevent the 
growing of Mo particle sizes on both the basal plane and the plane perpendicular to it. 
However, it still not clear if those slight changes in the MoS2 structure were one of the 
reasons behind the increase in the HDS activities. The most probable reasons of the 
promoter enhancement effect could be: 
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 The increase on the number of the active sites on the Mo by electron transfer 
to the sulphur atoms which make it more basic and then more active for C-S 
bond cleavage. Co and Ni were decorating the corners of the Mo particles 
leading to provide some sulphur vacancies which are ready for more HDS 
reactions. 
 
 The free sulphur anions also create a suitable HYD environment by adsorbing 
more H atoms especially if the reaction performed at high H2 pressure as the 
current work runs. 
 
 The inhibition effect of H2S gas produced during the HDS reaction was proved 
to be minimized by adding a promoter. 
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7. HEAVY CRUDE OIL HYDRODESULPHURIZATION USING 
OIL DISPERSED CATALYSTS 
 
7.1 Introduction 
 
The increasing reserves of heavy crude oil attracted scientists and researchers 
to find and develop proper methods to convert and upgrade the heavy crude oil to 
light sweet crude. Latest estimations of worldwide oil reserves show that almost one 
third of the oil reserves are heavy crude oil. In addition, the high metal and 
heteroatom contents of heavy crude oil adds extra costs to the refinery processes by 
poisoning and decreasing the catalyst activity especially with the current 
environmental regulations about the fuel and liquid products specification [5, 15, 47, 
49, 130].  
 
Developing the current conventional hydrotreating catalysts or introducing 
relatively new generation of catalysts such as oil soluble catalysts is required. Several 
highly active oil dispersed catalysts including molybdenum, tungsten, nickel and iron 
based catalysts have been tested previously and show promising results in upgrading 
heavy oil and producing liquid products from oil residue as well as desulphurization 
of real fuel or model compounds. The main advantage of dispersed catalysts over 
conventional supported hydrotreating catalyst is the high contact between the active 
sites of the nano-size catalyst particles and the hydrocarbon molecules especially the 
large ones that plug the pores of the supported catalyst leading to catalyst 
deactivation.  In addition, other metals such as sulphur, nickel and vanadium may be 
trapped in the pores of the supported catalysts after the reaction causing also catalyst 
poisoning [23, 26, 31-32, 35, 39, 132, 135-136, 140, 142-144].  
 
The hydrocracking process is proved to be thermally controlled and at high 
temperature a lot of C-C and C-heteroatom reactions occur leading to the production 
of large amount of less valuable hydrocarbon gases. The main rule of a good slurry 
catalyst is to control hydrogen uptake and reduce the coke formation during the 
hydrocracking process of the heavy crude as well as to reduce the production of gas 
products. Such catalyst should have high ability to be sulphided during the 
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hydrodesulphurization process (HDS) of the feed and in turn large amount of active 
sites are produced during the early stage of the reaction. In addition, high degree of 
dispersion must be achieved by producing ultra small nano size particles with low 
degree of stacking [3, 76, 145].  
 
In the current work, molybdenum octoate (MoOct) precursor is used to 
produce ultra fine MoS2 dispersed catalyst to upgrade and desulphurise Arabian 
heavy crude oil. The catalyst particles are produced in situ during the HDS process by 
the reaction of the precursor and the sulphur compounds exist in the feed under 
hydrogen pressure.  Molybdenum naphthenate (MoNaph), cobalt octoate (CoOct) and 
nickel octoate (NiOct) were also used for oil upgrading. Several factors have been 
tested including catalyst concentration, reaction temperature, bimetals effect and a 
comparison with other catalyst precursors. 
 
 
7.2 Experimental work 
 
7.2.1 Materials: commercially available MoOct, MoNaph, CoOct and NiOct used as 
catalyst precursors. Arabian heavy crude oil supplied by Saudi Aramco was used as a 
feed in this chapter. Oil specifications are shown in table-7.1. 
 
7.2.2 HDS Runs: The hydrotreating experiments were carried out in the 100 ml 
autoclave batch reactor. The experiment operating conditions were varied in order to 
study their effects on the catalyst activity. For most of the HDS runs, the reaction was 
performed at 350-400 Cº and 100 bar of H2 with 1000 rpm stirring speed for 4 hours 
after reaching the operation conditions. The MoS2 catalyst tested in this work is 
produced in situ during the hydrotreating process in the autoclave reactor by the 
reaction between the catalyst precursor with the sulphur compounds exist in the feed. 
 
7.2.3 Crude oil analyses: the following analyses were performed for the oil before 
and after the HDS runs: 
 X-ray fluorescence (XRF): XRF analyses were performed to determine the 
total sulphur in the feed and the product. 
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 Petroleum distillation system: 800 Micro Petroleum distillation system from 
B/R Instrument Cooperation was used to determine the oil fractions before 
and after the HDS experiments. 
 Nitrogen content: the nitrogen content in the oil was determined using multi 
EA 3000-N from Analytik Jena AG. 
 
Table-7.1: Properties of Arabian heavy crude 
> 500 °C fraction (wt%) 55.41 
401 – 500 ºC 9.79 
301 – 400 ºC 8.32 
C11 –300 ºC 20.49 
C8 – C11 3.67 
C1 - C7 2.32 
Elemental analyses (wt%)  
S 3.1 
N 0.32 
Ni (ppm) 21 
V (ppm) 61 
 
 
7.3 Results and Discussion 
 
7.3.1 Catalyst concentration effect 
 
There were some approaches to test the catalyst concentration effect on the 
catalyst performance in terms of metal removal and crude conversion. Panariti et al. 
[52] founded that increasing MoNaph concentration increases the sulphur and metal 
removal from vacuum residue of Belayim crude while it increases the coke formation 
at high catalyst loading. In Fixari et al. [42] work of upgrading heavy crude oil, the 
HDS level increased with MoNaph loading until it reached a certain concentration of 
catalyst after which it became constant. In chapter 4, it was found that the catalyst 
activity in DBT conversion from model compound increases by increasing the 
catalyst concentration until it peaks at a certain point after which the performance 
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turns down. This happened due to the poor sulphidation of the catalyst precursor 
leading to precipitate other forms of the metal mainly associated with carbon material 
instead of active metal sulphide. This in turn led to decrease the contact between the 
active sites of the catalyst particles and the DBT in the feed so the conversion starts to 
decline. In the current work, this phenomena is not expected since the feed contains 
high amount of sulphur compounds (3 wt%). Additionally, unlike the low reactive 
DBT, the feed contains many less stable sulphur compounds that can easily sulphide 
all the catalyst precursor to produce active MoS2. 
 
The experiments were performed at several ppm levels at two different 
temperatures, 350 and 400 °C. The coke formation was higher at 400 °C. High 
severity reaction condition of crude hydrocracking promotes the condensation 
reaction of aromatic compounds existing in the feed leading to the production of free 
radicals which in turn promotes the coke formation [52]. Adding up to 1000 ppm of 
MoOct helps to reduce the coke and heavy residue formation comparing with the free 
catalyst runs at both reaction temperatures. The rule of the produced catalyst here is 
to promote the hydrogenation reaction over the condensation reaction which as a 
result inhibited the coke formation. However, the coke and heavy residue percentage 
starts to increase at higher catalyst concentration as illustrated in figure-7.1 which 
agrees with several previous findings in treating different feeds using other dispersed 
catalysts [47, 52, 146].  
 
The high amount of fine catalyst particles dispersed in the residue may be 
responsible for initiating and increasing solid precipitate. Another factor is the 
occurrence of high hydrogenation reactions due to the presence of high concentration 
of dispersed catalyst which may reduce the asphaltene stability which in turn 
promotes coke and residue formation [147-148]. The former factor is most likely the 
main reason behind the high coke formation since at 350 °C, where the 
desulphurization was not high (as will be shown later in this section), the coke 
formation was very high at higher catalyst content. However, the high level of 
hydrogenation effect cannot be neglected. 
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Figure-7.1: Effect of catalyst concentration on coke and heavy residue production 
 
The HDS % was also affected by the catalyst concentration at both reaction 
temperatures (figure-7.2). At 400 °C, the sulphur removal increased sharply until 
1500 ppm of catalyst concentration after which the HDS activity of the catalyst 
increased in lower degree. After 4500 ppm of catalyst concentration, sulphur removal 
became almost constant regardless the amount of catalyst used. This trend agrees with 
previous work performed by Fixari et al [42] in treating heavy oil residue. Only a 
small increase of sulphur removal was noticed at higher catalyst concentration (above 
4500 ppm) which is most likely related to additional catalyst sulphidation. Adding 
more catalyst will increase the costs of the process without increasing the HDS level 
and moreover it increase coke formation. So, it is important to balance between the 
HDS and conversion reactions from one side and the extra hydrogenation reactions 
that lead to heavy residue and asphaltene precipitation from the other side by 
choosing the proper concentration of catalyst precursor. 
 
As mentioned before, since the concentration of sulphur in the crude is high 
with relatively some highly reactive sulphur compounds, catalyst sulphiding rate is 
expected to be very high comparing with the crude upgrading and desulphurization as 
proved before with similar catalyst precursor [43]. So there is no source of poor 
sulphidation of the catalyst particles even when high amount of precursor was used. 
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Figure-7.2: Effect of catalyst concentration on sulphur removal 
 
 
7.3.2 H2S effect on the catalyst activity 
 
In order to test the H2S effect on the HDS process, the H2S gas was released 
and replaced by fresh H2 gas after cooling down the reactor and heating it again to the 
reaction temperature which is 400 °C. Two different runs were performed, in the first 
run the H2S was replaced with fresh H2 two times and in the other run it was replaced 
one time. A third run was performed without releasing the H2S gas but the reactor was 
cooled down and heated to the reaction temperature in order to make the three runs 
similar as much as possible in terms of reaction time, temperature and total pressure. 
The three experiments set were performed for MoOct at 1500 ppm, MoOct+CoOct at 
1000 ppm and 400 ppm respectively, and MoOct+NiOct at the same concentration of 
the previous catalyst system. 
 
As expected there was a significant improvement in the catalyst performance 
at lower H2S environment. As shown in figure-7.3, the highest improvement in the 
catalyst activity was observed on the MoOct catalyst. At low H2S environment, the 
HDS activity of this catalyst increased by around 15%. The H2S and the crude oil 
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sulphur compounds are competing to be adsorbed on the same active sites of the 
catalyst. The HDS activity of the other two catalysts was also improved with lower 
effect on NiMo catalyst where the sulphur removal increased by around 5.5%. 
 
The relatively low effect of H2S on the NiMo catalyst may come from the fact 
that adding Ni as a promoter improves the hydrogenation activity of the Mo catalyst. 
At the same time, it was proved in several studies that H2S has stronger inhibition 
effect on the DDS runs while it has minimum effect on the HYD reactions. Moreover, 
some studies showed that H2S has promotion effect toward HYD reaction. The results 
of the current work agreed with the previous work performed by Kabe et al [69]. It 
was found that the heat of adsorption of H2S on the catalyst surface is more than that 
of DBT. Comparing four different catalysts, the heat of adsorption of H2S on the 
catalyst surface followed the following order: NiMo < NiW < CoMo << Mo. If the 
catalyst HDS activity is related to the heat of adsorption of H2S on the current work 
catalysts, then the heat of adsorption of H2S will be in the following order: NiMo < 
CoMo < Mo.  
 
 
Figure-7.3: The effect of H2S on the catalyst activity 
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7.3.3 The effect of adding promoters to the main catalyst 
 
The positive effect of adding a promoter such as cobalt or nickel to the main 
metal sulphide catalyst in hydrotreating reactions is well known for both supported 
[26, 149-150] and dispersed catalysts [26, 48-49, 51, 140]. Panatiri et al. [51] noticed 
a slight increase in the HDS activity of Mo based dispersed catalyst by adding cobalt 
without confirming the presence of bimetallic sulphide catalyst. Curtis et al. [48] 
achieved significant increase in HDS level especially for benzothiophene 
desulphurization when they promoted the iron catalyst with cobalt or nickel 
comparing with individual catalyst activity. In this chapter, cobalt octoate (CoOct) 
and nickel octoate (NiOct) were used as promoters for MoOct in treating Arabian 
heavy crude. First, each catalyst was tested individually in order to build an overview 
of the activity of individual precursors. Then, the promoters (CoOct and NiOct) were 
added in different compositions with the main catalysts (MoOct) in terms of mole 
ratio. 
 
By comparing the activity of each catalyst and the combination of the 
catalysts, the form of the particles can be indicated whether they are produced as 
bimetallic sulphides or just as mixture of single sulphides. An important point should 
be mentioned, when the activities of different metals are compared, it is more precise 
to compare them in terms of moles ppm of metal to total feed instead of weight ppm 
of metal to total feed. However, when the process is scaled up, the weight of the 
catalyst becomes more important as a comparison aspect between different catalysts 
especially from the economic point of view. In table-7.2, both units are shown with 
the mole concentration shown between the parentheses. 
 
At the same concentration in terms of mole ppm (10.4 mol ppm), MoOct 
shows higher HDS activity (by around 50%) comparing with CoOct and NiOct which 
shows almost similar performance. Moreover as shown in figure-7.2 and table-7.2, 
increasing the concentration of MoOct leads to increase the desulphurization level. 
However, increasing the concentration of CoOct or NiOct to very high level only 
shows slight increase in HDS activity (comparing with the increase when MoOct was 
used) indicating that the cobalt and nickel sulphides produced from the above 
precursors are not highly active in terms of desulphurization especially if the portion 
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of sulphur removed thermally and the portion that sulphide the catalyst particles are 
excluded. On the other hand, adding Co or Ni with the Mo enhance the HDS level by 
around 30% (from 27.7% to around 43%) higher than the MoOct performance at 
almost the same metal concentration. For example, 36.8 wt% of the sulphur was 
removed by adding 3500 ppm of MoOct. However, adding only 1250 ppm of Co-Mo-
Oct system led to decrease the sulphur by 42.7%. This proves the synergetic effect of 
the bi-metallic system since it shows a clear increase in the activity comparing with 
mono-metallic systems. In addition to the HDS activity of the catalyst systems, the 
existence of bi-metallic particles can be proved by characterizing the recovered 
catalyst. This part was approached in the previous section but the techniques that 
were used were not helpful to show the exact form of the produced catalyst. 
 
Table-7.2: Different catalyst systems HDS activity of Arabian heavy crude 
Catalyst Mo 
wt ppm 
(mol pmm) 
Co or Ni 
wt ppm 
(mol ppm) 
Total 
wt ppm 
(mol ppm) 
HDS % Residue 
% 
MoOct 1000  (10.4) - 1000    (10.4) 27.7 8.7 
MoOct 1500  (15.6) - 1500    (15.6) 33.2 13.1 
MoOct 3500  (36.2) - 3500    (36.2) 36.8 19.8 
NiOct - 600    (10.4) 600    (10.4) 19.0 10.9 
NiOct - 6000   (104) 6000    (104) 26.9 - 
CoOct - 600    (10.4) 600    (10.4) 19.9 12.1 
CoOct - 6000   (104) 6000   (104) 27.7 - 
MoOct 
+ CoOct 
1000  (10.4) 400    (6.9) 1400    (17.3) 44.5 12.0 
MoOct 
+ CoOct 
1000  (10.4) 250    (4.2) 1250    (14.6) 42.7 14.8 
MoOct 
+ NiOct 
1000  (10.4) 400    (6.9) 1400    (17.3) 42.2 12.4 
MoOct 
+ NiOct 
1000  (10.4) 250    (4.2) 1250    (14.6) 42.3 13.3 
a) HDS runs conditions: 400 °C, 100 bar, 4 hrs 
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Regarding the heavy residue formation, there was no clear trend between the 
catalyst system and the amount of heavy residue produced. However, higher HDS% 
achieved and lower coke formed with bi-metallic systems compared with the mono 
system. For example, 44.5% of the sulphur removed with 12% heavy residue 
produced using Co-Mo catalyst. On the other hand, 36.8% of HDS achieved with 
producing around 20% as heavy residue when MoOct was used as a single catalyst. 
So, the residue production can be reduced by using less amount of more active 
catalyst system that gives higher degree of desulphurization. 
 
 
7.3.4 Comparison between different catalyst systems and formulations 
 
In this section, the activities of MoOct in oil upgrading and desulphurization 
is compared with the well tested precursor: molybdenum naphthenate (MoNaph). In 
several previous studies about oil dispersed catalysts, MoNaph was always used for 
treating different feeds including oil, heavy resides, coal and model compounds. It 
was always showing promising results comparing with other catalyst precursors such 
as molybdenum acetyl acetonate, ammonium heptamolybdate, phosphomolybdic acid 
[42-43, 47-49, 51]. 
 
So, comparing MoOct with the well tested MoNaph, will give us a good 
judgment about MoOct activity in treating real fuel.  The effect of using bimetallic 
catalyst system was approached by adding CoOct and NiOct to the above mentioned 
catalysts. The catalysts concentration in each run was fixed to be 3500 weight ppm of 
metal to feed. Unlike the previous section, the total catalyst concentration in terms of 
metal ppm was fixed even when the promoter was added. For example, when CoOct 
or NiOct were added, the amounts of MoOct or MoNaph were reduced in order to 
make the total weight concentration of the catalyst system the same in all runs.  
Table-7.3 shows the oil quality before and after the runs in terms of desulphurization, 
denitrogenation and product distribution. The number in the parenthesis represents 
the concentration percentage of each catalyst. For example, MoOct (60) + NiOct (40) 
mean that the 3500 ppm of metal consist of 60 wt% of Mo and 40 wt% of Ni. 
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Table-7.3: The feed and product quality after HDS runs using different catalysts. 
   Product Distribution wt% 
Catalyst HDS 
% 
HDN 
% 
C1 - 
C7 
C8 – 
C11 
C11 –
300 ºC 
301 – 
400 ºC 
401 – 
500 ºC 
>500 
ºC 
Feed - - 2.3 3.7 20.5 8.3 9.8 55.4 
MoNap 31.1 30.6 4.0 9.4 29.5 10.3 9.8 37.0 
MoOct 36.8 23.9 3.9 12.4 29.4 10.7 9.8 33.8 
MoOct (60) + 
NiOct (40) 
40.9 23.0 3.9 11.6 28.6 10.4 9.9 35.6 
MoOct (75) + 
NiOct (25) 
50.6 25.7 4.0 12.7 30.5 10.9 10.2 31.7 
MoOct (90) + 
NiOct (10) 
46.7 33.4 3.5 12.2 30.9 11.2 10.3 31.9 
MoNap (60) 
+ NiOct (40) 
36.1 33.0 3.9 10.3 29.4 10.4 10.0 36.0 
MoNap (75) 
+ NiOct (25) 
48.2 26.2 3.9 10.8 31.8 10.8 9.9 32.8 
MoNap (90) 
+ NiOct (10) 
42.6 26.2 3.9 11.0 31.4 10.6 9.9 33.2 
MoOct (60) + 
CoOct (40) 
38.4 26.2 4.0 13.0 30.0 10.7 9.7 32.7 
MoOct (75) + 
CoOct (25) 
48.4 28.9 3.8 10.4 27.8 10.6 9.9 37.6 
MoOct (90) + 
CoOct (10) 
44.3 28.3 3.6 10.2 29.5 10.9 9.8 36.0 
MoNap (60) 
+ CoOct (40) 
31.8 33.3 3.9 9.3 29.1 10.0 9.4 38.3 
MoNap (75) 
+ CoOct (25) 
43.6 34.0 3.9 10.9 30.8 10.6 9.8 34.0 
MoNap (90) 
+ CoOct (10) 
38.8 32.8 3.9 9.3 28.2 9.9 9.8 38.9 
a) HDS runs conditions: 400 °C, 100 bar, 4 hrs. 
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In general, MoOct shows better performance in sulphur removal comparing 
with MoNaph while the latter was better in denitrogenation. The main reason behind 
the variation in the activities of each precursor although the metal is the same, 
especially the desulphurization performance, is the rate of decomposition and 
sulphiding of the precursors. It seems that at these conditions the MoOct sulphided 
easier and faster. This point was proved in chapter 6 after analyzing different MoS2 
catalysts produced from those two precursors. 
 
NiOct and CoOct increased the sulphur removal when added to the other two 
Mo based catalysts especially at 25% of Co or Ni of the total catalyst concentration. 
Among all of the catalysts combinations, MoOct (75) + NiOct (25), shows the best 
performance both in the product distribution (higher percentage of light products) and 
in sulphur removal of 50.6%. In general, adding low concentration of the promoter 
increases the desulphurization activity until it reaches a point after which the activity 
decreases again since the main catalyst (Mo) decreases so the promoter starts to be 
produced as inactive single sulphide. This is another evidence of the synergetic effect 
of a bi-metallic system. 
 
Unlike the sulphur removal, there is no clear pattern to compare the catalysts 
performance in terms of nitrogen removal. In general, the nitrogen removal was about 
28% ± 5. Regarding the crude conversion, although there is no big difference in the 
product distribution after each run, it was found that the catalysts show the same 
pattern of their performance in sulphur removal. The Ni and Co improve the catalyst 
activity to produce lighter products especially when they were added at 25% of the 
total added catalyst. 
 
 
7.3.5 Hydrodesulphurization run for longer reaction time 
 
After testing several catalyst combinations as shown in the previous sections. 
Another run was performed for longer reaction time using MoOct+CoOct catalyst 
with a ratio of (75:25) as described in table-7.3. The run was performed normally as 
described earlier in this chapter. But after 4 hours of reaction, the reactor was cooled 
to room temperature. Then, the pressure was released to get rid of the H2S gas and 
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replaced by fresh H2. Finally, the reaction was performed for 4 hrs as normal. The 
total reaction time in this section was 8 hrs. The HDS% increased from 48.4% to 
69.3%. This result added extra value to the dispersed catalysts proving their high 
HDS activity. So, higher degree of desulphurization can be achieved by modifying 
the reaction conditions. 
 
 
7.4 Conclusions 
 
The results of the present work can be good evidence of the high efficiency of 
MoOct catalyst in oil and heavy residue upgrading. The concentration of the catalyst 
used in hydrocracking of heavy crude and residue must be optimized since increasing 
the catalyst concentration will increase the desulphurization but after a certain level it 
will also increase coke and heavy residue formation due to the presence of high 
amount of solid catalyst particles and the increase of hydrogenation reaction which 
reduce asphaltene stability. Adding a cobalt or nickel precursors to the molybdenum 
clearly increased the desulphurization level while maintained the amount of coke 
formation. As mentioned in chapter 6, there is a clear synergetic effect of the bi-
metallic catalyst when it is compared with the single sulphides. 
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8. DETERMINING THE RATE CONSTANT OF DIFFERENT OIL 
DISPERSED CATALYSTS FOR HYDRODESULPHURIZATION 
REACTIONS 
 
8.1 Introduction 
 
 
In the previous chapters, different reaction effects on the catalyst activity for 
DBT conversion have been examined. Those factors included catalyst concentration, 
catalyst presulphiding time and temperature, sulphiding agent, H2S effect, different 
single and bimetal catalyst, etc. It has been shown how the activity and selectivity 
toward HYD or DDS reactions were changing from one catalyst to another. Different 
catalyst precursors have also been employed for crude oil desulphurization where they 
showed very high performance especially when the Mo was promoted with another 
metal. 
 
In this chapter, the kinetic rate constants for each catalyst will be determined 
as well as the change in the product distribution at different reaction periods. The 
work will cover the HDS of DBT using model oil. The rate constants will be 
compared with each other as well as with other calculated rates in previous works. 
 
 
8.2 Experimental work 
 
8.2.1 Materials: commercially available molybdenum octoate (MoOct), molybdenum 
naphthenate (MoNaph), cobalt octoate (CoOct) and nickel octoate (NiOct) were used 
as catalyst precursors. MoS2 powder was used also to compare its activity with other 
precursors. Hexadecane and dibenzothiophene (DBT) were used to prepare the model 
compounds. Ditertiarybutyl disulphide (TB-S) was used as a sulphiding agent. 
 
8.2.2 Presulphiding and kinetic HDS Runs: All the catalysts were very well 
sulphided at 350 °C for 4 hours to insure complete sulphiding of the metals. After 
completing the presulphiding process, the reactor was cooled down to release the 
pressure and add the hexadecane that contains the DBT. Then, the reactor was heated 
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and once it reached the desired temperature (350 °C), the pressure was increased to 
100 bar. The moment at which the pressure was increased is considered to be time 0. 
Since the type of reactor used in this study is batch reactor, it was not possible to take 
samples of the products at different times. Even if there is a sampling point in the 
reactor, taking sample of the product will increase the percentage error since the 
amount of the feed is relatively small so any sample taken will affect the calculation 
accuracy. In addition to that, highly dispersed ultra fine catalyst is used in the current 
work which will definitely come out with the samples if they were taken during the 
reaction. To determine the conversion at different points from starting the reaction, the 
presulphiding and HDS experiments were performed several times with different 
reaction periods starting from the moment at which the pressure is increased after 
reaching 350 °C. The above procedure was followed for all the catalyst except the 
MoS2 powder where the presulphiding step is not required. 
 
8.2.3 Feed and product analyses: The feed and the products are analysed by the 
previously described analytical techniques: Gas chromatography (GC) and X-ray 
fluorescence (XRF). 
 
 
8.3 Results and discussion 
 
8.3.1 Rate constant calculation 
 
The rate equation for a chemical reaction links the reaction rate with the 
concentration or partial pressure of the reactants. DBT conversion is proved to follow 
pseudo-first order kinetics [16, 154]. The rate equation of the first order reaction for 
component A is expressed as follow: 
 
][
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In order to find a relation between the rate and the concentration of the reactant, the 
equation must be integrated as follow: 
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The plot of ln[At] versus time should give a straight line with slope equal to –k where 
k is the rate constant and its unit is 1/time [3, 151].  
 
The rate constant for MoOct, MoNaph, CoMo (MoOct+CoOct), NiMo 
(MoOct+NiOct) dispersed catalysts as well as MoS2 powder were determined by 
performing the HDS runs five times for each catalyst for the following time periods: 
0, 20, 40, 80 and 120 minutes. For bimetal systems: the promoter was added with 0.3 
mole ratio of the total metal moles. Figures-8.1 to 8.5 show the data fit graphs used to 
calculate the rate constant for each catalyst.  It can be noticed that the R value of the 
trend lines were around 0.95 or above indicating acceptable accuracy of the data. The 
rate constants were calculated using the above mentioned equation and listed in table-
8.1. The percentages of the DBT conversion and HDS after 2 hours of reaction were 
measured using GC analysis and XRF analysis respectively. This will help to confirm 
the catalysts activities variations and relate them with the rate constants. 
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Figure-8.1: Calculating the rate constant of MoOct catalyst at 350 ºC 
 
 
 
 
Figure-8.2: Calculating the rate constant of MoNaph catalyst at 350 ºC 
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 Figure-8.3: Calculating the rate constant of MoS2 catalyst at 350 ºC 
 
 
 
 
 Figure-8.4: Calculating the rate constant of CoMo catalyst at 350 ºC 
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Figure-8.5: Calculating the rate constant of NiMo catalyst at 350 ºC 
 
 
Table-8.1: The HDS rate constant at 350 °C of different prepared catalysts 
Catalyst DBT conv. (%) HDS (%) Rate constant, 10
3
 (min
-1
) 
MoOct 46.2 44.4 4.33 
MoNaph 43.8 41.7 4.05 
MoS2 28.7 26.1 2.14 
CoMo 94.3 94.3 22.8 
NiMo 85.4 85.4 16.1 
a) Sulphiding conditions: catalyst: vary, sulphiding agent: TB-S, 350 ºC, 100 bar, 4hrs 
b) HDS runs conditions: 350 °C, 100 bar, time vary 
 
Bimetal catalysts of course had the highest rate constants with the best 
performance shown by CoMo catalyst. Its rate constant was more than 5 times of the 
single Mo precursors. MoOct was a little bit better than MoNaph while the MoS2 
powder had around half of the rate of the dispersed Mo catalysts. As explained earlier, 
this is due to the smaller MoS2 particles produced from oil soluble catalysts 
comparing with the powder MoS2 catalyst particles. 
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8.3.2 Product distribution 
 
The following figures show the product distribution versus conversion of 
DBT. BP was the dominant product for all of the catalysts at most of the reaction 
periods. For the single metal sulphides, some hydrogenation of DBT occurred in 
relatively high amount in the beginning of the reaction comparing with the reaction 
products at other reaction phases. Unlike previous work about MoNaph, they found 
that MoNaph converted most of the DBT to THDBT while it showed higher 
efficiency in this work. It seems the sulphiding process was not sufficient to properly 
sulphide the MoNaph in that work. They used 0.5% of H2S in H2 gas mixture to 
sulphide the catalyst [20]. Both the MoOct and MoNaph showed some increase in the 
CHB concentration at the highest DBT conversion. It seems that for longer reaction 
time the HYD reaction portion increases in the case of Mo dispersed catalysts. This 
trend was not observed with the bimetal catalysts. 
 
 
Figure-8.6: Product distribution versus DBT conversion using MoOct 
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Figure-8.7: Product distribution versus DBT conversion using MoNaph 
 
 
Figure-8.8: Product distribution versus DBT conversion using MoS2 
 
The bimetal catalysts showed almost similar behaviour to each other where the 
DDS reaction was the dominant path for DBT conversion which is in agreement with 
the finding obtained in chapter 6. As mentioned earlier, the NiMo catalyst was 
expected to increase the HYD reaction while it did not. Reasons behind the NiMo 
catalyst behaviour were discussed in chapter 6. 
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Figure-8.9: Product distribution versus DBT conversion using CoMo 
 
 
Figure-8.10: Product distribution versus DBT conversion using NiMo 
 
 
8.3.3 Comparison with some calculated rate constants of other catalysts 
 
To take a general overview of the activity of the presented catalyst systems, it 
is worth to compare it with some previous kinetic works about the HDS of DBT. 
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divided by the weight of the catalysts used in the reaction. In the current study, this is 
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reaction. The weight of the precursor can not be considered as the weight of the 
catalyst since it contains high portion of organic material while the metal which will 
be converted to the active catalyst particles only represents 10-15 wt% of the 
precursor. It was also difficult to calculate the weight of the recovered catalyst after 
the HDS run since it is impossible to recover all of the ultra fine catalyst. The weights 
of the current work dispersed catalysts are calculated by adding the weight of the 
metal portion of the precursors plus the weight of the theoretical amount of sulphur to 
completely sulphide the used metal. Table-8.2 showed the adjusted values of the rate 
constants of the examined catalysts as well as of other catalysts. The reaction 
conditions at which the runs were performed are also listed. The rate constant of this 
work catalysts, especially the CoMo catalyst, compared favourably with several tested 
and commercial catalysts proving its high HDS activity. 
 
Table-8.2: The adjusted HDS rate constant of this study dispersed catalysts as well as 
several other catalysts. 
 
Ref. #  Catalyst Reaction conditions Rate cons. x 10
2
  
(min.
-1
. g
-1
 cat.) 
The 
present 
work 
MoOct 350 °C, 100 bar 6.2 
MoNaph 5.8 
CoMo 26.8 
NiMo 18.9 
152 HR 348 340 °C, 70 bar 
NiMo catalysts supported on 
phosphate and alumina. 
2.7 
 CP 4.1 
 ACP-0.9 4.8 
 ACP-1.5 7.1 
 ACP-3.4 1.3 
 HR 346 1.1 
153 CoMo-Al2O3 340 °C, 30 bar 
 
28.5 
 MoS2 3.0 
154 CoMo-C 300 °C, 29 bar 19.2 
 
 
 147 
8.4 Conclusions 
 
In this chapter, the objective was to calculate the rate constant of each catalyst 
and check the change in the DBT product distribution with time. The catalysts 
confirmed the same behaviour observed earlier in this thesis. By comparing the results 
with several previous tested catalysts, the high potential of the dispersed catalysts for 
HDS reactions was proved in addition to its main role which is the crude and heavy 
residue hydrocracking and upgrading. 
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9. EXTRACTIVE DESULPHURIZATION OF MODEL 
COMPOUNDS AND DIESEL USING IMIDAZOLIUM BASED 
IONIC LIQUIDS 
 
9.1 Introduction 
 
Today, most of transportation fuels come from petroleum sources. This 
includes automotive, marine, aviation, haulage, etc. Environmental regulation is 
pressuring the fuel manufacturing industry to make significant changes to fuel 
composition and performance. For example, in gasoline the sulphur, aromatics, and 
olefins levels must be reduced while maintaining the octane number. Certain 
oxygenates must also be removed from gasoline in some areas of the world. In the 
case of diesel oil, aromatics and sulphur levels must be reduced while maintaining 
cetane ratings. In addition, particulates, carbon oxide and nitrogen oxides emissions 
(NOx) should be controlled. During the last three decades, special attention has been 
given to the desulphurization of transportation fuels especially gasoline and diesel oil. 
The main reason for this concern is that exhaust gases produced from burning these 
fuels contain the undesired pollutants sulphur oxides compounds (SOx). It has been 
considered that sulphur oxides are one of the major causes of air pollution, acid rain 
and different human health problems [15, 17].  
 
One new initiative in the field of refinery streams upgrading is the use of ionic 
liquids (ILs) to desulphurize oil middle distillates [11, 98, 100]. ILs are organic salts 
with low melting points, mostly at room temperatures. Above their melting points, ILs 
are very convenient for many chemical applications were they work as solvents, 
electrolytes, reagents for chemical transformations, etc. They have high thermal 
stability and high polarity. They are non-flammable and non-explosive. They have 
very low vapor pressure that makes them very environmentally friendly solvents since 
any undesirable material dissolved in ILs will not evaporate to the environment. 
 
ILs in general consist of a cation and an anion. Its lattice energy is very low 
because of the symmetry introduced by the two opposite charges. This low value of 
lattice energy results in low melting points salts. The melting point is also affected by 
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the size of the cation and anion from which the IL is composed. As the distance 
between the two ions increases, the attraction between them decreases and hence the 
melting point decreases. Many types of ILs are immiscible with water, saturated 
hydrocarbons, dialkyl ethers and a number of common organic solvents which give 
them, flexibility for reaction and separation methods [84-85, 89-90]. With the 
opportunity of manufacturing a wide range of ILs, it would be possible to prepare 
numerous types of ILs with properties that applicable for variety of extraction and 
separation processes. This point is clearly proved by employing ILs in different 
applications [92-96, 99, 155-158]. In sulphur extraction process, the regeneration of 
ILs and recycling it from sulphur compounds is proved to be possible with the need of 
some developments. Among all of these advantages, the use of ILs in 
desulphurization does not require high temperature and pressure operating condition 
and does not require the use of hydrogen. 
 
Some recent works and approaches in the use of ILs in desulphurization 
processes show promising results with high efficiency in removing the organic 
sulphur compounds. Several points and operation conditions have been investigated. 
In terms of the equilibrium time between the IL and the model oil, it depends on the 
type of the IL and the extracted compounds. As many studies suggest 15 minutes of 
mixing to reach equilibrium [14, 106, 125], other studies found it 10 minutes [102, 
104] while other increased it to 20 minutes or more [103, 108, 113, 159]. The 
temperature at which the extraction experiment performed has some effect on the 
extraction capacity. While most of the extraction experiments were performed at room 
temperature, some studies proved that increasing the temperature increases the 
sulphur extraction. Increasing the extraction temperature leads to decrease the IL 
viscosity and as a result the diffusion coefficient of sulphur compounds in IL 
increases [14,103, 106, 112]. 
 
Some papers investigated the effect of IL:oil weight or volume ratio on the 
extraction level. As expected, increasing the IL:oil ratio increase the extraction 
capacity [102-104, 108, 113]. However, it is not always desirable to increase the 
IL:oil ratio especially from the economic point of view. In terms of the absorbed 
sulphur compound, compounds with higher aromatic π electrons density are easier to 
be extracted [102, 104]. From the most common sulphur compounds in diesel and 
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other refinery streams, dibenzothiophene in general is easier to be extracted 
comparing with benzothiophene while the latter is favourably extracted compared 
with other alkyl substituted dibenzothiophene [14, 102-103]. Other researchers try to 
improve the ILs extraction capacity by combining it with oxidative desulphurization 
in one process in the presence of IL and H2O2 [114-124].  
 
In the present work, the performance of two immidazolium based ILs in 
sulphur and nitrogen extraction from model oil, extraction of sulphur compounds 
from diesel, and regeneration of the used ILs were approached. 
 
 
9.2 Experimental work 
 
9.2.1 Extraction experiments: All the desulphurization experiments were performed 
in a 50 ml glass vial. The model oil and the IL were stirred together for 30 minutes at 
room temperature with 1:1 volume ratio. Comparing with previous works in 
employing ILs for sulphur extraction process, higher mixing time between the two 
liquids was performed in order to ensure reaching reaction equilibrium. The tested ILs 
were: 
 1-ethyl-3-methyl-immidazolium ethyl sulphate [EMIM][EtSO4]. 
 1-ethyl-3-methyl-immidazolium tetrachloro aluminate [EMIM][AlCl4]. 
 
The model compounds used in the extraction experiment are prepared by 
adding the following organo-sulphur compounds to dodecane: benzothiophene (BT), 
dibenzothiophene (DBT), methyl dibenzothiophene (MDB), 4,6-dimethyl 
dibenzothiophene (4,6-DMDBT), 4,6-ethyl methyl dibenzothiophene (4,6-EMDBT), 
and 4,6-diethyl dibenzothiophene (4,6-DEDBT). The concentration of each 
compound in dodecane will be mentioned with the test results in the following 
section. The extraction of pyridine was also investigated. In some experiments, 
toluene and naphthalene were added to the feed in order to increase its aromaticity 
and check its effect on the IL performance. The extraction of real diesel fuel was also 
investigated. 
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9.2.2 Model oil characterization: GC analysis was conducted to find the 
concentration of different compounds in the model oil before and after the extraction 
experiments.  
 
9.2.3 Diesel sulphur contents: X-Ray fluorescence analysis (XRF) was used to find 
the sulphur concentration in the diesel before and after the extraction experiments. 
 
 
9.3 Results and discussions 
 
9.3.1 Extraction desulphurization of model compounds 
 
In the first set of tests, each sulphur compound was added individually to 
dodecane. Table-9.1 shows the percentage of the sulphur extracted from each model 
compound with the two ILs. For [EMIM][EtSO4], the sulphur extraction decreases as 
the molecular weight of the alkyl group attached to DBT increases. The IL efficiency 
in removing DBT was higher than the removal of BT. On the other hand, the 
performance of [EMIM][AlCl4] was much higher and it removes high percentage of 
all DBT derivatives following the same trend of the first IL. It seems that the alkyl 
group in the sulphur compound prevents or decreases the formation of the liquid 
clathrates and the π-π interactions between the sulphur in the model oil and the 
immidazolium ring in the IL, possibly due to steric hindrance [14, 102, 104, 159]. 
 
After that, the extraction experiment was repeated once by adding all the 
previous tested sulphur compound simultaneously in dodecane with the same initial 
concentration of each compound added individually; this can give us a better 
approach to the sulphur extraction from real fuel since it contains many sulphur 
compounds. As shown in figure-9.1, there is minimal effect of the presence of several 
sulphur compounds in the feed on the extraction performance of [EMIM][AlCl4]. On 
the other hand, more reduction in the performance of the other IL can be observed 
especially with the alkyled DBT. For example, the extraction capacity of 4,6-DEDBT 
decreased by almost 40% (from 4.58 wt% to 2.82 wt%) suggesting that the aromatic 
sulphur compounds compete with each other and occupy similar sites in the IL during 
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the extraction process. So, the existence of several sulphur compounds in the feed can 
be one reason for the low performance of several ILs in sulphur extraction from real 
fuels. It should be noted that the concentration of each compound when was added 
individually was 1000 ppm while the concentration of each compound when were 
added simultaneously with the other compounds were 150 ppm. 
 
Table-9.1: Extraction of different sulphur compounds added individually to 
dodecane. 
 Wt% of extracted compound 
The sulphur compound [EMIM] [EtSO4] [EMIM] [AlCl4] 
BT 54.0 66.9 
DBT 56.2 79.8 
MDBT 33.6 68.7 
4,6-MMDBT 15.8 55.4 
4,6-EMDBT 7.2 43.2 
4,6-DEDBT 4.6 35.0 
a) Model Oil: 1000 ppm of compound in dodecane 
b) Extraction process conditions: room temperature, 30 minutes, volume ratio 1:1 
 
The sulphur extraction capacity is varying from one IL to another due to 
several factors. Several studies showed that as the size and the chain length of the 
alkyl group attached to IL cation increases, the extraction capacity increases [98, 101 
108-109, 113].  The type and size of the anion is also proved to be another factor 
[101]. As the bond strength between the anion and the cation in the IL decreases, the 
extraction performance increases [159-160]. Another study compares the extraction 
capacity of several ILs with different cation classes. It was found that ILs with 
pyridinium cations have better performance followed by imidazolium then 
pyrrolidinium cations [106].  
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Figure-9.1: Effect of adding sulphur compounds simultaneously on IL extraction 
capacity 
 
In the case of the examined ILs, the difference in the extraction capacity is 
definitely associated with the anion type. Comparing with the ethylsulphate anion, the 
tetrachloroaluminate anion produces higher total negative charge and provides more 
negative charge chlorine atoms to interact with the positive charge hydrogen atoms in 
the aromatic sulphur compound. As a result, the extraction performance of the 
[EMIM][AlCl4] was always higher than the [EMIM][EtSO4]. Another factor of this 
difference in the extraction capacity between the tested ILs could be the degree of 
compactness between the cation and anion part of the IL. The [EMIM][AlCl4] most 
likely has loose structure comparing with the compact structure [EMIM][EtSO4] 
resulting in easier extraction of the sulphur compound. However, this point must be 
proved by calculating the atomic charges of the two ILs (CHELPG analysis). 
 
 
9.3.2 The influence of aromatic level of the model oil on the extraction process 
 
Since real fuels contain some aromatic compounds, for example the aromatics 
content in diesel fuel varies between 25 to 35 wt%, it is important to study the fuel 
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aromaticity level effect on the performance of the IL in sulphur extraction. This effect 
was approached in some previous studies [110, 159]. 
 
Toluene and naphthalene were added at different concentration to the model 
oil. As shown in figure-9.2, the performance of [EMIM][EtSO4] in DBT extraction 
from model oil was almost constant up to 20 wt% of aromatics then the DBT 
extraction reduced by 18% at aromatic contents of 40 wt%. Further reduction of IL 
performance was noticed at higher aromatic contents. This gives another explanation 
for the difficulty of the extraction process from real diesel as will be shown later in 
this paper. On the other hand, the performance of [EMIM][AlCl4] was not highly 
affected by the aromaticity level of the fuel. It removes the DBT with almost the same 
percentage even with high aromatic content. 
 
By studying the GC results of the treated model compounds, it was found that 
the [EMIM][AlCl4] not only extract the DBT but also extracts the toluene and 
naphthalene during the extraction process. In each extraction run, it removes around 
50 wt% of the toluene and 75 wt% of the naphthalene present in the feed. This could 
be the reason behind the constant performance of [EMIM][AlCl4] in sulphur 
extraction regardless to the aromatic contents in the feed. In contrast, the 
[EMIM][EtSO4] extracts low amount of the aromatics from the feed, which explains 
the decrease in sulphur extraction with high aromatic content. Removing the aromatic 
contents from the feed is an advantage of the [EMIM][AlCl4] since it helps to 
decrease the polycyclic aromatic hydrocarbons emissions from fuels but care must be 
taken to prevent lowering fuel octane number. 
 
It was also noticed that, the type of the aromatic compound in the current test 
does not affect the sulphur extraction level. For example, when the feed contains 40 
wt% of aromatics as toluene the performance of [EMIM][EtSO4] was the same 
comparing with the feed contains 40 wt% of aromatics as toluene and naphthalene 
(table-9.2). Almost similar sulphur extraction level was also achieved when the feed 
contains 20 wt% of aromatics both as toluene alone and as toluene and naphthalene. 
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Figure-9.2: Aromatic level effect on DBT extraction using both ILs 
 
Table-9.2: Extraction of DBT from dodecane using [EMIM][EtSO4] at different 
aromatic level 
Toluene wt% Naphthalene wt% Total aromatics wt%  DBT extraction wt% 
0 0 0 56.2 
20 0 20 55.0 
10 10 20 55.2 
40 0 40 45.8 
27 13 40 45.8 
a) Model Oil: 1000 ppm of DBT in dodecane 
b) Extraction process conditions: room temperature, 30 minutes, volume ratio 1:1 
 
 
9.3.3 Nitrogen compounds extraction 
 
It is essential to test the ability of ILs in nitrogen extraction from two points of 
view. Firstly, as it is essential to reduce SOx emissions produced from the fuels, NOx 
production must also be reduced since it is considered to be one of the major 
pollutants. Secondly, this test will help us to increase the knowledge about upgrading 
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real fuels. The extraction of nitrogen compounds was approached previously using 
other ILs and most of them showed high level of extraction [102, 161-163]. In this 
study, the effect of aromatics on nitrogen extraction is also investigated. Pyridine was 
added to the model oils as one of the common nitrogen compounds exist in the real 
fuels. 
 
As shown in Table-9.3, the wt% of pyridine extraction using [EMIM][EtSO4], 
without adding the aromatic compounds, is very high comparing with the sulphur 
compounds extraction. This is another advantage of the ILs since it has a high 
capability to reduce the nitrogen contents even at better performance comparing with 
sulphur extraction. Regarding to the aromatics effect, it also confirm the same trend 
that increasing the aromaticity level leads to reduce the nitrogen extraction using 
[EMIM][EtSO4]. In the case of [EMIM][AlCl4], the performance in pyridine 
extraction was higher. It removes almost all the pyridine even at high aromatic level 
where there is very slight decrease in the pyridine extraction.  
 
Table-9.3: Extraction of pyridine from dodecane using [EMIM][EtSO4] and 
[EMIM][AlCl4] 
  wt% of extracted Pyridine 
Toluene 
wt% 
Naphthalene 
wt% 
Total aromatic 
wt% 
[EMIM][EtSO4] [EMIM][AlCl4] 
0 0 0 81.0 99.1 
20 0 20 75.9 98.5 
10 10 20 76.3 98.5 
40 0 40 70.1 98.0 
27 13 40 62.8 97.0 
a) Model Oil: 1000 ppm of Pyridine in dodecane 
b) Extraction process conditions: room temperature, 30 minutes, volume ratio 1:1 
 
It is also important to check if the existence of nitrogen compounds affects the 
performance of the IL in sulphur extraction. As shown in Table-9.4, the extraction 
capacity of BT by [EMIM][EtSO4] was decreased by increasing the pyridine content 
in the feed.  It decreased from 54.25 wt% with pyridine free feed to 45.66 wt% when 
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the pyridine content in the feed was 5 wt%. In terms of DBT extraction, there was a 
negligible change in the extraction percentage at each pyridine level. On the other 
hand, there was low effect of pyridine level on sulphur extraction by the second IL. 
Therefore, the existence of nitrogen compounds in real fuels may affect the 
performance of some ILs in sulphur extraction. 
 
 
Table-9.4: Extraction of BT and DBT from dodecane using [EMIM][EtSO4] and 
[EMIM][AlCl4] with addition of pyridine. 
 wt% of extracted BT wt% of extracted DBT 
Pyridine 
wt% 
[EMIM][EtSO4] [EMIM][AlCl4] [EMIM][EtSO4] [EMIM][AlCl4] 
0 54.3 65.5 55.9 80.0 
2 51.2 65.7 56.1 79.3 
3.5 47.8 65.0 55.0 78.7 
5 45.7 65.3 56.2 78.0 
a) Model Oil: 1000 ppm of compound (DBT or BT) in dodecane 
b) Extraction process conditions: room temperature, 30 minutes, volume ratio 1:1 
 
 
9.3.4 Approaching the real fuel desulphurization 
 
Before progressing to the real fuel sulphur extraction, the extractions of 
different sulphur and nitrogen compounds for both ILs were tested at different 
aromatic level of the feed. In general, as the aromatic level of the feed increased, the 
extraction percentage of each sulphur and nitrogen compound decreased especially for 
[EMIM][EtSO4]. By examining the data of figure-9.3, it was noticed that there were 
relatively high reductions in the IL extraction capacity of the DBT derivatives.  For 
example, the extraction of 4,6-DMDBT decreased by 70% with 38 wt% aromatic 
contents comparing with toluene free oil. In the case of 4,6-EMDBT and 4,6 DEDBT 
at 38 wt% toluene content, the extraction capacity decreased from 6.07 wt% to 0.02 
wt% and from 1.52 wt to 0.01 wt% respectively. In the case of [EMIM][AlCl4], as 
observed in the previous sections the effect of the aromatics is lower with the same 
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trend of the other IL. Relatively high reductions in the extraction performance were 
observed with DBT derivatives especially as expected for 4,6-DEDBT where the 
extraction capacity decreased by 22% at 38 wt% toluene contents (figure-9.4). 
 
 
 
Figure-9.3: Aromatic level effect on the extraction capacity of [EMIM][EtSO4] 
 
 
 
Figure-9.4: Aromatic level effect on the extraction capacity of [EMIM][AlCl4] 
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9.3.5 Sulphur extraction from real diesel 
 
Several ILs have been tested previously in extracting sulphur from real fuels 
such as diesel and gasoline. Some of them showed promising results such as the 
studies of immidazolium based ILs with chloroaluminate anion. This type of IL 
proved to have high sulphur extraction capacity from real diesel and gasoline where 
very low sulphur levels have been achieved [98, 111]. Other types of ILs such as di 
alkyl immidazolium hexaflourophosphate and di alkyl immidazolium 
tetraflouroburate have been tested many times and showed good extraction level [104, 
112]. Moreover, the extraction capacity here is also depending on the type of the real 
fuel and its characteristics. Xuemei et al. tested the same ILs with two different 
samples of diesel fuels. Different extraction levels have been observed in treating 
each fuel due to the difference in the characteristics and the composition between the 
two diesel samples [113]. 
 
In the current study, [EMIM][EtSO4] performance was relatively low and that 
was expected since its performance in sulphur extraction was affected by several 
factors such as the aromatic contents of the feed, the existence of nitrogen and several 
sulphur compounds. It was mixed with the diesel for 45 minutes and only around 3 
wt% of the sulphur was extracted. With this low sulphur extraction percentage, the 
number of extraction runs using this IL must be repeated several times for the same 
batch of feed with new batches of ILs to achieve high reduction level. As illustrated in 
Table-9.5, more than 9 wt% of the sulphur was extracted from the diesel after the 
forth extraction step. As a result, the process becomes relatively expensive. However, 
this problem can be solved by reducing the aromaticity of the feed before introducing 
it to the extraction process or by performing an efficient recycling method for the used 
IL. 
 
To improve the extraction level, the experiment was repeated by increasing the 
IL:diesel volume ratio to 4:1 which leads to improve the extraction capacity to 26.1 
wt% after the forth extraction (Table-9.6). However, by studying the two tables 
(especially Table-9.6) it can be noticed that the extraction capacity of each extraction 
step is decreasing as the sulphur level in the diesel become lower. In other words, 
after each extraction step there will be more refractory sulphur compounds in the 
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diesel which leads to decreasing the IL extraction efficiency mainly at very low 
sulphur levels if further extraction steps are carried on. 
 
Table-9.5: Sulphur extraction from real diesel using [EMIM][EtSO4] with IL:diesel 
volume ratio 1:1 
Extraction step Sulphur extraction in one step (%) Total extracted sulphur (%) 
1 2.5 2.5 
2 2.3 4.8 
3 2.3 7.1 
4 2.3 9.4 
a) Extraction process conditions: room temperature, 30 minutes, volume ratio 1:1 
 
Table-9.6: Sulphur extraction from real diesel using [EMIM][EtSO4] with IL:diesel 
volume ratio 4:1 
Extraction step wt% of extracted sulphur in 
one step 
Total wt% of extracted sulphur 
1 9.7 9.7 
2 8.3 17.2 
3 6.0 22.2 
4 5.1 26.1 
a) Extraction process conditions: room temperature, 30 minutes, volume ratio 4:1 
 
The other IL shows higher performance with the real diesel. [EMIM][AlCl4] 
removed around 20 wt% of sulphur compounds from the diesel fuel in one extraction 
step (with IL:diesel volume ratio equal 1:1). This result was expected since it has 
higher ability in removing the pyridine, toluene and all DBT derivatives from model 
feed comparing with the first IL. However, due to its high selectivity and extraction 
level, it affects the diesel physical properties caused by removing high percentage of 
the feed hydrocarbons and precipitating some dark materials. Reducing the aromatics 
content from diesel fuel is required but at certain level that does not affect the feed 
quality. According to a previous study, the use of AlCl3 based ILs is limited to the 
extraction of certain sulphur compounds such as DBT and its derivatives because it 
produced dark precipitates when was mixed with thiol containing compound [102]. 
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So, it is not preferable to use this type of IL in real fuel extraction since it removes not 
only the sulphur and nitrogen contents but also other valuable contents and affect the 
fuel quality. 
 
 
9.3.6 Developing ILs regeneration method 
 
Among all the previous works in employing ILs as sulphur extracting agents, 
there were relatively small efforts to find proper and economic recycling method of 
ILs. One method is heating the IL to vaporize sulphur compounds by simple 
distillation at temperatures within IL stability [14, 102]. Still this method is not 
efficient for high boiling point sulphur compounds. Another method that was tested 
several times is extracting sulphur compounds from IL with other solvents such 
pentane or hexane [103-104].
 
Also precipitating the sulphur compounds by dilution 
with water is tested by many researchers. 
 
The strong electrostatic interaction between water molecules and IL 
overcomes the π-π interaction between the IL and the aromatic sulphur compound 
[102, 107, 113, 125-126]. This method is limited to water-insensitive ILs. Due to the 
high expense related to separate the water from IL by evaporation, it is not 
economically valuable to use this method at large scale. Using supercritical CO2 in the 
reextraction of sulphur from IL is another possible way [127]. However, this method 
require high amount of heat in expanding and compressing the CO2 which make it 
impractical for large scale applications. Removing the aromatic sulphur compounds 
by electrolysis was also examined [128].  
 
Initially, the idea was to regenerate the ILs using the same slurry hydrotreating 
catalysts that were tested in this work. The slurry catalyst was prepared in another 
system using a sulphiding agent and solvent following the same procedure mentioned 
in the previous chapters. After that, the catalyst particles were collected and added to 
the IL in the batch reactor to perform the regeneration process. However, at high 
operation conditions (above 250 ºC) the IL lost its physical properties and started to 
decompose to other compounds. It was also found that the catalyst particles were 
 162 
soluble in the IL and it was difficult to separate them from the IL. Alternatively, IL 
was recycled by purging the extracted compounds with gas. The experiment was 
performed in a glass reactor at ambient pressure and 160 ºC with H2 gas flow of 175 
cm
3
/min for 6 hrs. From the preliminary tests, it was found that the [EMIM][EtSO4] 
that was used to extract BT from model oil can be regenerated and reaches almost 
99% of the original extraction performance of the new IL. In the case of DBT, 
although the boiling point of DBT is relatively high, high level of regeneration was 
achieved. The DBT extraction capacity of the IL after the regeneration process is 
almost 91% of the DBT extraction capacity of a fresh IL. By Reviewing figure-9.5, it 
can be noticed that the extraction capacity of the regenerated IL was improved 
comparing with the one that was not recycled. 
 
 
 
Figure-9.5: Recycling of [EMIM][EtSO4] used for DBT extraction from dodecane 
and for sulphur extraction from diesel (IL:diesel volume ratio = 4:1) 
 
There was an attempt to regenerate the other IL, [EMIM][AlCl4] but the 
method does not work. It seems that this IL is not stable at high temperature. For 
closer inspection of the recycling process and its capability, IL used to extract sulphur 
from real diesel was also recycled. The results are also illustrated above in figure-9.5. 
The extraction capacity of the used IL improved after recycling it with H2 @ 160 ºC 
and reached almost 76% of the extraction capacity of fresh IL (from 9.72 to 7.39 
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wt%). Lower recycling level is expected here comparing with the IL used to extract 
BT or DBT only since mixing IL with diesel involved the extraction of several 
sulphur and nitrogen compounds and probably other metals, that exist in the diesel. 
Currently, more work is in progress to develop this regeneration method and improve 
its efficiency. 
 
Following the recycling approaches, other experiments were performed to take 
a close view of the recycling process. Back extraction of the used IL and recycled IL 
in dodecane was performed. Then, the amount of DBT in IL is calculated by 
multiplying the partition coefficient of DBT in IL by the amount of DBT in dodecane 
that was mixed with the IL. The partition coefficient of DBT in IL is the ratio of 
concentration of DBT in IL divided by the concentration of DBT in dodecane after 
performing the extraction experiment. The partition coefficient of DBT in 
[EMIM][EtSO4] was calculated to be 1.58. The GC results showed only a small 
amount of DBT present in the dodecane samples used in the back extraction 
experiments of the recycled IL. 
 
Table-9.7: Back extraction of DBT from [EMIM][EtSO4] to dodecane 
IL used wt% of DBT in IL % of DBT removed 
from the IL 
Fresh IL 0 0 
Sulphur loaded IL after 1
st
 extraction 0.310 0 
Recycled IL with H2 @ 160 ºC 0.032 89.68 
Recycled IL with N2 @ 160 ºC 0.023 92.58 
Recycled IL with H2 @ 185 ºC 0.013 95.81 
Recycled IL with N2 @ 185 ºC 0.007 97.74 
 
The recycling process was repeated by flowing N2 instead of H2 to check if 
changing the gas affects the extraction capacity of the recycled IL. It was found that 
the recycling of IL by flowing N2 gave slightly better results than H2. To check the 
effect of temperature, the recycling process was repeated at 185 ºC for both gases. For 
both gases, increasing the temperature leads to remove more amount of DBT. 
However, it is preferred to perform the recycle process at 160 ºC to avoid IL 
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destruction and repeat the recycle process of the same IL several times. At higher 
temperature, higher percentage of DBT was removed but the physical and chemical 
properties of the IL are affected. For example the light yellow colour of the IL 
changed to dark brown at 185 ºC. Table-9.7 shows the amount of DBT in IL before 
and after recycle for all the previous mentioned experiments. 
 
 
9.4 Conclusions 
 
Both ILs followed the same order in the extraction ability of different sulphur 
compounds. The highest extraction level was achieved with DBT extraction, followed 
by BT and then by the rest of DBT derivatives. Both ILs showed very high 
performance in pyridine extraction comparing with sulphur extraction. The main 
reason of the lower performance of ILs in sulphur extraction from real fuels, as in the 
case of [EMIM][EtSO4] can be caused by several factors such as, the existence of 
many sulphur compounds in the fuel, the aromatic level of the fuel (higher effect), and 
the existence of nitrogen compounds and other metals. ILs with high extraction 
performance and high selectivity, such as [EMIM][AlCl4] have some negative sides 
such as the extraction of valuable hydrocarbons from the fuels along with the targeted 
compounds. In addition to that, they are very difficult to be recycled from the 
extracted compounds. On the other hand, although [EMIM][EtSO4] has lower 
performance especially with diesel fuels, it has the following main advantages: 
 
 It can be prepared from cheap starting materials which help to use it in large 
scale. 
 It is also halogen free IL. So the problem of corrosions and stability can be 
avoided. 
 This IL is relatively easier to be recycled. 
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10. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 
WORK 
 
10.1 Slurry hydrotreating catalysts 
 
Slurry hydrocracking process using ultra fine particles produced in situ is a 
very well known process for its high activity in heavy crude and residue upgrading 
including asphaltene conversion, desulphurization, denitrogenation and metal 
removal. The nano size particles can easily reach the targeted hydrocarbons and 
metals in the slurry reactors through high mixing speed. So, the problems of catalyst 
poisoning and blocking of their active sites are eliminated here. Some of the slurry 
catalysts are used as once throw catalysts especially if they are consisted of relatively 
cheap metal that makes the recycling process of the catalyst not economically 
valuable. However, catalysts with very high activity usually consisted of expensive 
metals such as molybdenum or tungsten which increases the necessity of the 
recycling process. In this work, both for model compounds and oil experiments, oil 
dispersed catalysts showed high performance in upgrading and desulphurization 
reactions especially the bimetal catalysts. 
 
In the current study, the characterization and analyses of the produced 
catalysts at different preparation conditions was carried out and linked with their 
activities and selectivities. Starting by testing several oil dispersed catalysts including 
molybdenum, nickel, cobalt, vanadium and iron, it was decided to focus on the Mo 
based precursors due to their high activities. Molybdenum octoate and molybdenum 
naphthenate were the two main precursors of this study especially the former one 
because it was easier to be handled during the experimental work comparing with the 
second one which is very high viscous sticky liquid. In the beginning, the DBT 
conversion was performed by just adding the precursor to the model compound 
without pre activation. Although it was effective in removing the DBT, at higher 
catalyst loading the activity decreased due to the lack of active sulphur source in the 
feed leading to incomplete sulphiding of the Mo particles. So it is important to 
activate the catalyst by sulphiding it especially in the case of using feeds that contain 
highly stable sulphur compounds such as DBT and its derivatives. 
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After testing several sulphiding agents such as ammonium sulphide, dimethyl 
disulphide, dimethyl sulphide and ditertiarybutyl disulphide (TB-S), TB-S was 
chosen as the main sulphiding agent due to its high efficiency in sulphiding the 
precursors. Several points were obtained from the presulphiding effects. Both 
increasing the sulphiding time and temperature lead to increase the catalyst stacking 
level with more effect of the temperature. However the degree of stacking is 
relatively low (maximum 7 layers). Sulphiding at milder conditions lead to produce 
higher ratio of single layer MoS2 but that did not increase the HDS level since not all 
of the Mo particles were sulphided. Longer time or higher temperature will insure 
complete sulphiding but at the same time will increase the stacking level which did 
not show any negative effect on the overall conversion. It only altered the catalyst 
selectivity toward the direct desulphurization path due to the increase of edge sites. 
 
Adding a promoter to the Mo, lead to increase the overall HDS activity of the 
catalyst by enhancing both the hydrogenation and direct desulphurization reactions 
paths with more effect on the later one. Although Co or Ni did not highly change the 
XRD pattern or TEM images of the MoS2, their existence was proved by the catalyst 
activity. It was proved in other works that the Co or Ni decorates the edges of the 
MoS2 during the reaction but this phase is not highly stable at HDS conditions. The 
promoter effect can be explained by the following points: 
 The increase on the number of the active sites on the Mo by electron transfer 
to the sulphur atoms which make it more basic and then more active for C-S 
bond cleavage. Co and Ni were decorating the corners of the Mo particles 
leading to provide some sulphur vacancies which are ready for more HDS 
reactions. 
 The free sulphur anions also create a suitable HYD environment by adsorbing 
more H atoms especially if the reaction performed at high H2 pressure as in the 
case of the current study. 
 The inhibition effect of H2S gas produced during the HDS reaction was proved 
to be minimized by adding a promoter due to the increase of the number of the 
active sites on the Mo surface leading to decrease the competition between the 
DBT and the H2S gas on the adsorption on the metal surface. 
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The upgrading of Arabian heavy crude was also approached using single and 
bi metal sulphides. It was found that optimizing the catalyst concentration is very 
essential to ensure high efficiency upgrading of the crude. Adding some catalyst 
helped to reduce the coke and heavy residue formation comparing with the free 
catalyst runs. The rule of the produced catalyst here is to promote the hydrogenation 
reaction over the condensation reaction, which as a result inhibits the coke formation. 
However, the coke and heavy residue percentage started to increase at higher catalyst 
concentration. The high amount of fine catalyst particles dispersed in the residue may 
be responsible for initiating and increasing solid precipitate. Another factor could be 
the high hydrogenation reactions due to the presence of high concentration of 
dispersed catalysts that may reduce the asphaltene stability and in turn promotes coke 
and residue formation. Bimetal catalyst system as expected showed the best activity in 
oil upgrading. The crude oil upgrading results as well as the calculated rate constant 
of DBT conversion proved the efficiency of the bimetal catalyst. 
 
In summary, the main findings of this part of the current work are: 
1. The catalyst properties are affected by the presulphiding conditions. Higher 
sulphiding temperature and time lead to better sulphiding of the precursor. 
2. The stacking degree does not affect the catalyst overall activity while it 
slightly alters its selectivity toward direct desulphurization path instead of 
hydrogenation path. 
3. The effect of catalyst activities and selectivities between MoS2 catalysts 
produced at different sulphiding conditions is observed more at lower severity 
hydrodesulphurization runs. 
4. Adding a promoter such as cobalt or nickel to the molybdenum has a great 
effect on the catalyst activity as explained earlier. 
5. The Co-Mo system showed the best performance in Arabian heavy crude oil 
upgrading and desulphurization. 
6. Reusing the catalyst for another run proved to be possible. 
7. The amount of the catalyst added to the crude must be optimized since adding 
higher amount will lead to increase the coke formation without showing 
significant increase in the desulphurization. 
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Considering the above mentioned findings, the best combination of the tested 
bimetal catalyst system can be used in a real refinery. For example, it can be used to 
upgrade the heavy crude and to sweeten it before introducing it to the atmospheric 
distillation column. At the same time, it also can be used to convert the heavy residue 
from the bottom of the atmospheric distillation column or vacuum distillation column. 
From the technical prospective, it is possible to be used. However, this depends on the 
economic value of the process. 
 
Several problems were faced in dealing with the dispersed catalysts. Due to 
their small size, they easily penetrated to the reactor head and fittings causing some 
catalyst build up inside the reactor. This problem definitely affects the catalyst 
activity calculation accuracy. To minimize those errors, several experiments were 
repeated following slightly different procedures as mentioned in the experimental 
chapter. Another problem was that since the dispersed catalysts are produced in situ 
during the reaction, it is difficult to have full control on their preparation conditions 
especially that they are affected by the HDS run even if they were presulphided. 
However, this should not let us neglect the importance of the presulphiding conditions 
as was proved in several sections. 
 
The following points are recommended for further investigation of the oil 
dispersed catalysts: 
1. More characterization techniques are required to determine the bulk 
composition of the produced catalyst as well as the nature of the Mo ions. 
2. Identifying the form of the promoter and how it is attached to the main metal. 
3. Presulphiding preparation of the precursors before employing them for crude 
oil desulphurization and upgrading. 
4. Recycle the spent catalyst after the HDS of oil and reuse it again several times. 
The recycle of the catalyst used for model compound desulphurization was 
proved and also other internal work proves the recycle of the catalyst used for 
crude oil desulphurization. The economic side must be checked whether it is 
better to recycle the catalyst from the heavy residue and solid precipitates or to 
use it as a disposable catalyst.  
5. Although the bimetal catalyst system showed acceptable degree of 
desulphurization, which was even higher than several catalyst performance 
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listed in the literature, it must be compared with a commercial slurry catalyst 
such as the one developed by Eni which will be used in Sannazzaro refinery. 
 
 
10.2 Ionic liquids 
 
Both ILs followed the same order in the extraction ability of different sulphur 
compounds. The highest extraction level was achieved with DBT extraction, followed 
by BT and then by the rest of DBT derivatives. Both ILs showed very high 
performance in pyridine extraction comparing with sulphur extraction. From the 
examination of the two ILs, it can be concluded that the reason of the lower 
performance in sulphur extraction from real fuels, as in the case of [EMIM][EtSO4] 
can be caused by several factors such as, the existence of many sulphur compounds in 
the fuel, the aromatic level of the fuel (higher effect), and the existence of nitrogen 
compounds and other metals. ILs with high extraction performance and high 
selectivity, such as [EMIM][AlCl4] have some negative sides such as the extraction of 
valuable hydrocarbons from the fuels along with the targeted compounds. In addition 
to that, they are very difficult to be recycled from the extracted compounds. 
 
It is known that one of the main disadvantages of the extraction process is 
removing some valuable hydrocarbons along with the sulphur. For this reason, the 
extraction process must be co-process with the main hydrotreating process. Although 
some amount of hydrocarbons will be extracted, it will be low since already low 
sulphur level was reached after the hydrotreating run. At the same time, losing some 
hydrocarbon during the extraction process could be more economically valuable than 
increasing the HDS reaction severity to reach the required sulphur limits. Since the 
main focus of the current work was to develop dispersed catalysts to upgrade oil and 
model compounds, an attempt to recycle IL using the tested dispersed catalysts as 
well as other catalysts was approached. The method was not successful mainly due to 
the instability of the IL at the hydrotreating conditions as well as the solubility of the 
catalyst particles in the IL. Other method was followed as mentioned earlier. A good 
and promising IL must have the following features:  
 
 170 
 It must be cheap or can be prepared from cheap starting materials which will 
help to use it in large scale. 
 It must be immiscible in the treated feed. Otherwise it will negatively affect 
the fuel quality.  
 It must be easily recycled in economic way for further uses. 
 
It is recommended to concentrate on the recycle process of the ILs in the 
future work. Since the amount of studies covering the ILs recycling is relatively very 
low considering the amount of work performed on testing the ILs. 
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APPENDIX A: GAS CHROMATOGRAPHY (GC) CALIBRATION 
AND CALCULATION 
 
A.1 Gas chromatography calibration 
 
Dodecane was used as internal standard to measure the calibration factor of 
each compound. Basically, this factor is used to relate the GC area readings for each 
compound in the analyzed sample to the GC area of the internal standard that is added 
in known amount to the sample before the GC analyses. Any alteration in the GC 
readings of the compounds can be corrected by relating it to the known concentration 
internal standard reading by the pre-calculated factor. Octane and decane were also 
approached to be used as internal standards but the best and most stable results were 
found with dodecane. 
 
To calculate the factor of each compound, three different solutions with 
known concentrations were prepared. Each solution consists of hexadecane as a 
solvent and known amount of all the compounds that was measured during the study. 
Those compounds are: dibenzothiophene (DBT), cyclohexylbenzene (CHB), biphenyl 
(BP), benzothiophene (BT), methyl dibenzothiophene (MDBT), 4,6-dimethyl 
dibenzothiophene (DMDBT) , 4-ethyl,6-methyl dibenzothiophene (EMDBT), 4,6-
diethyl dibenzothiophene (DEDBT). In addition, known concentration of dodecane 
was also added with each solution. The factor of each compound can be calculated 
from the GC analysis for only one solution. However, to confirm the results and 
calculate more accurate value of the factor, three solutions were prepared and the 
factor that will be used is the average of the three factors. Table-A.1 shows the 
calculated factors of each compound of the first solution. 
 
To calculate the calibration factor, first the real concentration of each 
compound including the dodecane was divided by their GC area readings. After that, 
the obtained values of each compound were divided by that of the dodecane which 
gives the factor of each compound. For more explanation, equation-A.1 clarifies the 
calculation. CC and AC are the concentration and GC area of the compounds, while 
CIS and AIS are the concentration and GC area of the internal standard. 
 187 
CIS
ISC
AC
AC
factor


  (eq-A.1) 
 
Table-A.1: calculating the calibration factor of each compound (1
st
 run) 
Compound Concentration 
(wt%) 
GC area (Concentration) 
/ (GC area) 
Calibration 
factor 
Dodecane (IS) 7.066466 14728766 4.79773E-07 1 
Hexadecane 87.7699 1.83E+08 4.80201E-07 1.000891 
DBT 0.553975 1024408 5.40776E-07 1.127149 
CHB 1.394077 2892345 4.81988E-07 1.004617 
BP 0.73465 1619957 4.53499E-07 0.945237 
BT 1.172627 1976396 5.93316E-07 1.23666 
MDBT 0.320574 529477.4 6.05454E-07 1.26196 
DMDBT 0.115294 200106.5 5.76165E-07 1.200911 
EMDBT 0.362052 590979.9 6.1263E-07 1.276917 
DEDBT 0.258006 427542.6 6.03463E-07 1.257809 
 
The same calibration was repeated for another two samples with the same 
compounds but different concentration. This will help to get more reliable values of 
the calibration factors.   
 
Table-A.2: calculating the calibration factor of each compound (2
nd
 run) 
Compound Concentration 
(wt%) 
GC area (Concentration) 
/ (GC area) 
Calibration 
factor 
Dodecane (IS) 8.446866 17311392 4.88E-07 1 
Hexadecane 87.74563 1.82E+08 4.82E-07 0.98771 
DBT 0.384389 662778.1 5.8E-07 1.188609 
CHB 0.925052 1889103 4.9E-07 1.003568 
BP 0.487483 1052179 4.63E-07 0.949525 
BT 0.778107 1295967 6E-07 1.230501 
MDBT 0.21272 342192.9 6.22E-07 1.274013 
DMDBT 0.076505 129286.4 5.92E-07 1.212749 
EMDBT 0.240243 382517.9 6.28E-07 1.287168 
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DEDBT 0.171202 277088.9 6.18E-07 1.266271 
 
Table-A.3: calculating the calibration factor of each compound (3
rd
 run) 
Compound Concentration 
(wt%) 
GC area (Concentration) 
/ (GC area) 
Calibration 
factor 
Dodecane (IS) 9.784819 20326275 4.81388E-07 1 
Hexadecane 80.2 1.7E+08 4.70411E-07 0.977199 
DBT 0.351333 620228.9 5.66458E-07 1.176718 
CHB 0.845503 1756888 4.8125E-07 0.999714 
BP 0.445562 971649 4.58563E-07 0.952586 
BT 0.711194 1192507 5.96386E-07 1.238889 
MDBT 0.194427 319492.2 4.70411E-07 1.26416 
DMDBT 0.069926 121096.5 5.66458E-07 1.199526 
EMDBT 0.219583 357830 4.8125E-07 1.274758 
DEDBT 0.15648 258345.7 4.58563E-07 1.258236 
 
The average of the three runs factors was taken as a factor for all the GC runs. 
The results of the other two runs are shown in table-A.2 and table-A.3. The average 
factors were calculated in table-A.4. 
 
Table-A.4: calculating the average factor of each compound 
Compound Factor 1 Factor 2 Factor 3 Avg. Factor 
Dodecane (IS) 1 1 1 1 
Hexadecane 0.994341 0.98771 0.977199 0.986417 
DBT 1.178643 1.188609 1.176718 1.181323 
CHB 1.004617 1.003568 0.999714 1.002633 
BP 0.945237 0.949525 0.952586 0.949116 
BT 1.23666 1.230501 1.238889 1.23535 
MDBT 1.26196 1.274013 1.26416 1.266711 
DMDBT 1.200911 1.212749 1.199526 1.204395 
EMDBT 1.276917 1.287168 1.274758 1.279614 
DEDBT 1.257809 1.266271 1.258236 1.260772 
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A.2 Example of calculation 
 
An example of one of the GC analysis calculations is shown in table-A.5. 
Before analyzing the sample, 0.0453 g of dodecane as internal standard was added to 
1.2826 g of the sample that will be analysed (So, the total weight of the sample is 
1.3279 g). The following points describe step by step how the calculation was 
performed: 
1. The factor was calculated as shown in the previous section. 
2. The concentration of the internal standard is known since it is added in known 
amount to the sample that will be analyzed. 
3. The GC area for the internal standard and other compounds are obtained from 
the GC analysis. 
4. The concentrations of the compounds are calculated using the following 
equation. 
 
IS
CIS
A
ACfactor
ionConcentrat

   (eq-A.2) 
 
5. Since the calculated concentrations are the concentrations of the compounds in 
the presence of the internal standard, it must be corrected to the original 
concentrations before adding the internal standard. 
 
Table-A.5: Example of calculation 
Compound Factor GC area Conc.  Conc. (corrected) 
Dodecane (IS) 1 6801354 3.411401 - 
Hexadecane 0.9864 1.89E+08 93.59345 98.37703 
DBT 1.1813 1487236 0.881224 0.926263 
CHB 1.0026 95298 0.047925 0.050375 
BP 0.9491 161594.9 0.076928 0.08086 
THDBT 1.1813 15808.5 0.009367 0.009846 
Others 1 1053885 0.528604 0.555622 
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Two points must be mentioned that may slightly affect the accuracy of the 
calculations: 
 The tetrahydrodibenzothiophene is one of the DBT products and its factor was 
not calculated previously since it does not supplied by the chemical supplier 
companies. So, its factor is assumed to be similar to the DBT. 
 The factors of other small peaks of different impurities that observed in the 
GC analyses are not known and their factors assumed to be 1. 
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APPENDIX B: X-RAY DIFFRACTION CALCULATIONS 
 
The x-ray diffraction analyses (XRD) were performed for the spent and 
produced catalysts to help us to get an idea about the catalyst components and its 
morphology. It also helps to calculate the particle size and the stack height of the 
MoS2 particles using Scherrer equation (eq-B.1). λ is the x-ray wavelength and it is 
equal to 0.1541 nm. K is the shape factor; it is equal to 2 for the 110 plane (59 2θ) and 
0.94 for the 002 plane (14 2θ). β is the full width at half maximum converted to 
radian. θ is the peak angle and it should be divided by 2 since the angle in the XRD 
pattern represents 2θ. Table-B.1 illustrates the parameters used to calculate the 
particle size and stack height of the catalyst XRD pattern that is shown in figure-B.1. 
 
L = 


cos
K
     (eq-B.1) 
 
 
Figure-B.1: a sample of XRD pattern of one of the produced MoS2 catalysts. 
 
The values of the particle size and stack height were calculated as described in 
the following steps: 
1. At each peak, the intensities of the bottom of the peak and the top of the peak 
must be estimated. They are shown in the table-B.2 as the lowest point and 
highest point. 
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2. From the lowest and highest points intensities, the half height of the peak is 
determined. 
3. At the half height intensity, the left and the right angle of the peak are 
estimated. They are used to calculate the width of the peak. 
4. After calculating the width of the peak, it must be converted from degrees to 
radian using the following equation: 
 
1807
22
deg

 reeradian   (eq-B.2) 
5. 2θ is the angle of the peak which must be divided by 2 and then converted to 
radian using eq-B.2. 
6. Then, Cos(θ) is calculated. Finally, the calculated parameters are inserted in 
eq-B.1 to calculate the particle size and the stack height.  
 
Table-B.1: calculating the catalyst size and stack height using Scherrer equation. 
Catalyst 
characteristics 
Value 
(°A) 
Lowest 
point 
Highest 
point 
Half 
height 
Left 
angel 
Right 
angel 
Width 2θ θ (rad) Cos(θ) 
Particle size  79.3 209 311 260 57.91 60.47 .0447 59.27 .5174 .8691 
Stack height  30.2 392 580 486 12.05 14.82 .0484 14.29 .1248 .9922 
 
 
 
